The reliability and validity of surface electromyography to study the functional status of the lumbar paraspinal muscles by Kamei, K
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The reliability and validity of surface electromyography to 
study the functional status of the lumbar paraspinal muscles 
 
 
 
 
A thesis submitted in total fulfilment of the requirements for the degree of 
Doctor of Philosophy 
 
 
 
 
 
 
 
Ken Kamei 
 
 
Bachelor of Applied Science (Clinical science) 
Bachelor of Chiropractic Science 
 
 
 
 
 
School of Health Sciences 
College of Science, Engineering and Health 
RMIT University 
 
 
August 2008 
 
 
 i 
 
 
Page 
Table of Contents ……………………………………. ii 
 
 
List of Figures ……………………………………….. xi 
 
 
List of Tables ……………………………………........ xiii 
 
 
Publication, and Congress and Conference 
abstracts ........................................................................ xv 
 
 
Declaration …………………………………………... xvii 
 
 
Acknowledgements………………………………....... xviii 
 
 
Summary …………………………………………….. xxi 
 
 
Lists of symbols and abbreviations .………………... xxiv 
                                                                                                                                                        Table of Contents                                                                      
 ii 
Table of Contents 
 Page 
Chapter 1 : Introduction 1 
1.1.  Surface electromyography as a diagnostic tool in 
chiropractic practice 
2 
1.2.  Low back pain and lumbar multifidus muscle 4 
1.3.  Aim of this thesis 5 
1.4.  Structure of this thesis 13 
 
 
 
 
Chapter 2 : Literature review 15 
2.1.  Low back pain 16 
2.1.1.  Imaging study of the lumbar multifidus muscle 18 
2.1.2.  Biopsy 21 
2.1.3.  Does exercise decrease recurrent rate of the acute 
episode of LBP? 
24 
 
 
2.2.  Lumbar multifidus muscle 25 
2.2.1.  Orientation of the lumbar multifidus muscle 25 
2.2.2.  Function of the lumbar multifidus muscle 27 
 
 
2.3. Electromyography (EMG) 29 
2.3.1.  Different types of EMG recording 29 
a)  Surface electrodes 29 
b)  Needle EMG 31 
c)  Fine wire EMG 31 
2.3.2.  Amplifier and filtering of the EMG signal 31 
2.3.3.  Electrical noise and factors affecting the EMG signal 32 
a)  Electrode noise 32 
b)  Motion artefact 32 
c)  Electrical interference 33 
d)  Electrocardiographic artefact 33 
2.3.4. Signal processing 34 
a)  Amplitude of the signal 34 
b)  Frequency analysis 36 
c)  Timing of muscle activity 40 
 
 
2.4. EMG signal recording of muscle contraction 41 
2.4.1. Muscle contraction under static conditions 41 
2.4.2. Muscle contraction under dynamic conditions 46 
2.4.3. EMG recording of  low back muscle contraction under 
static conditions 
51 
2.4.4. EMG recording of  low back muscle contraction under 
dynamic conditions 
53 
                                                                                                                                                        Table of Contents                                                                      
 iii 
I.  Biomechanics of trunk movement during walking 54 
II. EMG recording from the lumbar paraspinal muscles during 
walking 
55 
i.  Muscle activity pattern recorded in a healthy group during walking 55 
a)  Pattern of the bursting behaviour during walking 59 
b)  Amplitude of the bursting within a muscle during walking 61 
c)  Timing of muscle activation during walking 62 
d)  Amplitude of the EMG signal at different walking speeds 65 
e)  Length of the activity time under different condition of walking 66 
ii. Muscle activity patterns recorded in people with low back pain (LBP) 
during walking 
68 
a)  Amplitude of the EMG signal during walking 68 
b)  Timing of muscle activation during walking 69 
 
 
2.5.  Objectives of this thesis 70 
 
 
 
 
Chapter 3 : Surface EMG recording of the lumbar 
paraspinal muscles under static conditions 
73 
3.1.  Introduction 74 
 
 
3.2.  Method   75 
3.2.1.  Subjects 75 
3.2.2.  Electrode placement 76 
3.2.3.  Skin preparation 78 
3.2.4.  Static posture tasks 79 
3.2.5.  EMG Recording 85 
3.2.6.  Signal Processing 86 
a)  Manual ECG cleaning technique 86 
b)  Semi-automatic ECG cleaning technique 88 
3.2.7.  Normalising data 90 
3.2.8.  Statistical analysis 91 
 
 
3.3. Results 92 
3.3.1.  Skin Impedance 92 
3.3.2.  Visual inspection for the ECG artefact 93 
a)  Four point kneeling posture 93 
b)  Sitting posture 94 
c)  Standing posture 94 
3.3.3.  ICC analysis for the sitting with no arms raised (SITN) 
for 10 subjects 
95 
Amplitude of the EMG signal before and after the ECG removal by 
the manual ECG cleaning technique 
95 
b)  ICC analysis of non-normalised amplitude 96 
c)  ICC analysis of normalised amplitude 97 
3.3.4.  ICC analysis for non-normalised data of static postures 98 
a)  EMG signal cleaned by the manual ECG cleaning technique 98 
b)  EMG signal cleaned by the semi-automatic ECG cleaning 100 
                                                                                                                                                        Table of Contents                                                                      
 iv 
technique 
3.3.5. Reliability of recorded surface EMG of the lumbar 
paraspinal muscles during maintenance of static 
postures under three different conditions (raw data, 
cleaned data by the manual ECG cleaning technique, 
and cleaned data by the semi-automatic ECG cleaning 
technique) 
102 
3.3.6.  ICC analysis for normalised data 105 
a)  EMG signal cleaned by the manual ECG cleaning technique 105 
b)  EMG signal cleaned by the semi-automatic ECG cleaning 
technique 
108 
 
 
3.4. Discussion 109 
3.4.1.  Skin impedance 109 
3.4.2.  Visual inspection for the ECG artefact 109 
3.4.3.  Manual ECG cleaning on the sitting with no arms raised 
for 10 subjects 
111 
3.4.4.  Reliability 112 
I.  Reliability of non-normalised data 112 
a)  EMG signal cleaned by the manual ECG cleaning technique 112 
b)  EMG signal cleaned by the semi-automatic ECG cleaning 
technique 
113 
II.  Reliability of normalised data with respect to medial muscle group 114 
a)  Sitting with no arms raised to 90 degrees for 10 subjects 115 
b)  EMG signal cleaned by the manual and semi-automatic ECG 
cleaning techniques 
115 
 
 
3.5.  Conclusion 118 
 
 
 
 
Chapter 4 : Surface EMG recording of MVC using 
two different tests 
120 
4.1. Introduction 121 
 
 
4.2. Method   122 
4.2.1.  Subjects 122 
4.2.2.  Electrode placement 123 
4.2.3.  Skin preparation 125 
4.2.4.  Unsupported MVC 125 
4.2.5.  Supported MVC 126 
4.2.6.  EMG recording 127 
4.2.7.  Signal processing 127 
4.2.8.  Normalising the amplitude of the signal 131 
4.2.9.  Statistical analysis 132 
 
 
4.3.  Results 133 
                                                                                                                                                        Table of Contents                                                                      
 v 
 
 
4.4.  Discussion 134 
 
 
4.5.  Conclusion 135 
 
 
 
 
Chapter 5 : Surface EMG recording of the lumbar 
paraspinal muscles under dynamic 
conditions 
137 
5.1. Introduction 138 
 
 
5.2. Method 140 
5.2.1.  Subjects 140 
5.2.2.  Electrode placement 140 
5.2.3.  Skin preparation 141 
5.2.4.  Maximum voluntary muscle contraction (MVC) task 141 
5.2.5.  Walking task 141 
5.2.6.  EMG recording 142 
5.2.7.  Signal processing 145 
I.  Normalised amplitude relative to MVC and normalised frequency of 
a narrow (100 samples) window around the largest amplitude of the 
activity envelope 
147 
II. Timing of muscle activation (Onset, Peak, and Offset) 151 
III.  Normalised area of the activity envelope, length of the activity 
time, amplitude of the narrow window within a gait cycle 
154 
IV. Timing within the activity envelope and shape of the activity 
envelope 
157 
V.   Interval timing within a gait cycle (OnOn, PkPk, and OffOff) 160 
5.2.8. Statistical analysis 163 
I.  Individual consistency within the first recording minute (1 ~ 2 
minute) 
163 
II.  Consistency of activation pattern over 10-minute of walking 165 
i. Consistency of activation pattern with three consecutive gait cycles 
within the first (1 ~ 2 minute) and last (9 ~ 10 minute)  recording  
minutes 
166 
ii. Consistency of activation pattern between the first and last recording 
minutes of a 10-minute period of walking  
169 
III.  Muscle activation patterns on either side of the spine 170 
IV.   Difference among three levels of the spine at the same side 171 
 
 
5.3. Results 172 
5.3.1.  Visual inspection for the raw signal 173 
5.3.2.  Normalised amplitude relative to MVC and normalised 
frequency of a narrow (100 samples) window around the 
largest amplitude of the activity envelope 
174 
I.  Individual consistency within the first recording minute (1 ~ 2 
minute) 
174 
                                                                                                                                                        Table of Contents                                                                      
 vi 
II. Consistency of activation pattern over 10-minute of walking 176 
i. Consistent pattern within the first (1 ~ 2 minute) and last (9 ~ 10 
minute) recording minutes 
176 
ii. Comparison between two different time periods  181 
III. Difference between sides at the same vertebral level within the first 
recording minute (1 ~ 2 minute) 
183 
IV.  Difference between three different levels on the same side within 
the first recording minute (1 ~ 2 minute) 
184 
5.3.3.  Length of the gait cycle 187 
5.3.4.  Timing of  muscle activation 187 
I.  Individual consistency within the first recording minute (1 ~ 2 
minute) 
188 
II. Consistency of activation pattern over 10-minute of walking 188 
III. Difference between sides at the same vertebral level within the first 
recording minute (1 ~ 2 minute) 
188 
IV.  Difference between three different levels on the same side within 
the first recording minute (1 ~ 2 minute) 
189 
5.3.5.  Normalised area of the activity envelope, the length of 
the activity time, and amplitude of the narrow window 
within a gait cycle 
189 
I.  Individual consistency within the first recording minute (1 ~ 2 
minute) 
189 
II. Consistency of activation pattern over 10-minute of walking 190 
III. Difference between sides at the same vertebral level within the first 
recording minute (1 ~ 2 minute) 
192 
IV.  Difference between three different levels on the same side within 
the first recording minute (1 ~ 2 minute) 
194 
5.3.6. Timing within the activity envelope and shape of the 
activity envelope 
194 
I.  Individual consistency within the first recording minute (1 ~ 2 
minute) 
195 
II. Consistency of activation pattern over 10-minute of walking 195 
III. Difference between sides at the same vertebral level within the first 
recording minute (1 ~ 2 minute) 
196 
IV.  Difference between three different levels on the same side within 
the first recording minute (1 ~ 2 minute) 
196 
5.3.7.  Interval timing within a gait cycle 197 
I.  Individual consistency within the first recording minute (1 ~ 2 
minute) 
197 
II. Consistency of activation pattern over 10-minute of walking 197 
III. Difference between sides at the same vertebral level within the first 
recording minute (1 ~ 2 minute) 
198 
IV.  Difference between three different levels on the same side within 
the first recording minute (1 ~ 2 minute) 
198 
 
 
5.4. Discussion 198 
5.4.1.  Length of the gait cycle 199 
5.4.2. Amplitude and frequency of the narrow window of the 
activity envelope 
199 
5.4.3.  Normalised area of the activity envelope,  length of the 203 
                                                                                                                                                        Table of Contents                                                                      
 vii 
activity time, and amplitude of the narrow window of the 
activity envelope  with a gait cycle 
5.4.4. Timing of muscle activity 205 
 
 
5.5. Conclusion 209 
 
 
Chapter 6 :  Conclusion and Recommendations 210 
 
 
 
 
References 219 
 
 
 
 
Appendix 243 
A – 1 : Questionnaire used for Chapter 3 244 
  
A – 2 : Plain language statement used for Chapter 3 247 
  
A – 3 : Informed consent used for Chapter 3 250 
  
A – 4 : ECG cleaning program used for Chapter 3 253 
1. Program for the Manual ECG cleaning technique 254 
2. Program for the Semi-automatic ECG cleaning technique 255 
  
A – 5 : Inter-electrode distance and Skin impedance used for 
Chapter 3 
257 
  
A – 6 : Visual inspection used for Chapter 3 259 
1. Four point kneeling with the left arm raised flexion to 90 degrees (4PL) 260 
2. Four point kneeling with no arm raised (4PN) 260 
3. Four point kneeling with the right arm raised flexion to 90 degrees (4PR) 261 
4. Sitting with bilateral arms raised flexion to 90 degrees (SITB) 261 
5. Sitting with the left arm raised flexion to 90 degrees (SITL) 262 
6. Sitting with no arm raised (SITN) 262 
7. Sitting with the right arm raised flexion to 90 degrees (SITR) 263 
8. Standing with no arms raised (STAN) 263 
9. Standing with bilateral arms raised flexion to 90 degrees (STANB) 264 
10. Standing with the left arm raised flexion to 90 degrees (STANL) 264 
11. Standing with the right arm raised flexion to 90 degrees (STANR) 265 
  
A – 7 : RMS – Raw data vs Cleaned data before and after 
ECG removal used for Chapter 3 
266 
  
B – 1 : Questionnaire used for Chapter 4 and 5 268 
B – 2 : Plain language statement used for Chapter 4 272 
  
B – 3 : Informed consent used for Chapter 4 and 5 276 
                                                                                                                                                        Table of Contents                                                                      
 viii 
  
B – 4 : Programs for signal processing Used for study 
outlined in Chapter 4 and 5 
278 
1. Program for DC Offset 279 
2. Program for moving RMS 279 
3. Program for defining the peak activation 279 
  
C – 1 : Plain language statement used for Chapter 5 281 
  
C – 2 : The number of gait cycles per lap within two different 
recording periods and Consistency of gait cycles 
within 10 minutes of walking used for Chapter 5 
285 
1. Gait cycles per lap within two different recording periods 286 
2. Consistency of gait cycles within 10 minutes of walking 286 
  
C – 3 : Visual inspection for the smoothed signal used for 
study used for Chapter 5 
287 
1. Visual inspection for the smoothed signal within the first recording minute 
(1 ~ 2 minute) 
288 
2. Visual inspection for the smoothed signal within the last recording minute 
(9 ~ 10 minute) 
290 
  
C – 4 : Timing of muscle activation, length of the gait cycle, 
and timing within the activity envelope used for 
Chapter 5 
292 
1. Timing of muscle activation within the first recording minute (1 ~ 2 
minute) 
293 
2. Timing of muscle activation within the last recording minute (9 ~ 10 
minute) 
294 
3. Timing of muscle activation for two recording minutes 295 
4. Timing with the activity envelope within the first recording minute (1 ~ 2 
minute) 
296 
5. Timing with the activity envelope within the last recording minute (9 ~ 10 
minute) 
297 
6. Timing with the activity envelope for two recording minutes 298 
  
C – 5 : Statistical results for timing of muscle activation used 
for Chapter 5 
299 
1. Timing of muscle activation – Results of the F-test within the first 
recording minute (1 ~ 2 minute) 
300 
2. Timing of muscle activation – Consistent pattern within the first and last 
recording minutes 
301 
3. Timing of muscle activation – Consistent pattern of muscle activity 
between the first and last recording minutes 
302 
4. Timing of muscle activation – Comparison analysis between sides on the 
same level 
302 
5. Timing of muscle activation – Comparison among three levels on the same 
side 
303 
                                                                                                                                                        Table of Contents                                                                      
 ix 
  
C – 6 : Statistical results for normalised area of the activity 
envelope, length of the activity time, and amplitude of 
the narrow window within a gait cycle used for 
Chapter 5 
304 
1. Normalised area of the activity envelope, length of the activity time, and 
amplitude of the narrow window within a gait cycle – Results of F-test 
within the first recording minute (1 ~ 2 minute) 
305 
2. Normalised  area of  the activity envelope, length of the activity time, and  
amplitude of the narrow window within a gait cycle – Consistent pattern 
between the first and last recording minutes 
306 
3. Normalised area of the activity envelope, length of the activity time, and 
amplitude of the narrow window within a gait cycle – Consistent pattern 
between the first and last recording minutes 
307 
4. Normalised area of the activity envelope, length of activity time, and 
amplitude of the narrow window within a gait cycle – Comparison 
analysis between sides on the same level 
307 
5. Normalised area of the activity envelope, length of the activity time, and 
amplitude of the narrow window within a gait cycle – Comparison 
analysis among three levels 
308 
  
C – 7 : Statistical results for timing within the activity 
envelope and shape of the activity envelope used for 
Chapter 5 
309 
1. Timing within the activity envelope and shape of the activity envelope – 
Results of F-test with the first recording minute  (1 ~ 2 minute) 
310 
2. Timing within the activity envelope – Consistent pattern within the first 
recording minute (1 ~ 2 minute) 
311 
3. Timing within the activity envelope – Consistent pattern within the last 
recording minute  (9 ~ 10 minute) 
312 
4. Shape of the activity envelope – Consistent pattern within the first (1 ~ 2 
minute) and last (9 ~ 10 minute) recording minutes 
313 
5. Timing within the activity envelope and shape of the activity envelope – 
Consistent pattern between the first and last recording minutes 
314 
6. Timing within the activity envelope and the shape of the activity envelope 
– Comparison analysis between sides on the same level 
315 
7. Timing within the activity envelope and the shape of the activity envelope 
– Comparison analysis among three levels on the same level 
316 
  
C – 8 : Statistical results for interval timing within a gait 
cycle used for Chapter 5 
317 
1. Interval timing within a gait cycle – Results of the F-test within the first 
recording minute  (1 ~ 2 minute) 
318 
  
2. Interval timing within a gait cycle – Consistent pattern within the first (1 ~ 
2 minute) and last (9 ~ 10 minute) recording minutes   
319 
3. Interval timing within a gait cycle – Consistent pattern between the first 
and last recording minutes 
320 
4. Interval timing within a gait cycle – Comparison analysis between sides on 320 
                                                                                                                                                        Table of Contents                                                                      
 x 
the same level within the first recording minute  (1 ~ 2 minute) 
5. Interval timing within a gait cycle – Comparison analysis among three 
levels on the same level within the first recording minute (1 ~ 2 minute) 
321 
 
                                                                                                                                                             List of Figures                                                                      
 xi 
List of Figures 
  Page 
Chapter 2 : Literature review  
Figure 2 – 1 Anatomy of the lumbar multifidus muscle 17 
Figure 2 – 2 Anatomy of the erector spinae 18 
Figure 2 – 3 Component fascicles of the lumbar multifidus muscle 26 
Figure 2 – 4 Energy cost of sustaining to fatigue isometric contraction in 
normal subjects 
38 
Figure 2 – 5 Length – Tension relationship 42 
Figure 2 – 6 Fraction of motor pool recruited (%) 43 
Figure 2 – 7 Force – Velocity relationship 47 
Figure 2 – 8 Phases of the gait cycle 54 
  
 
  
 
Chapter 3 :  Surface EMG recording of lumbar paraspinal 
muscles under static conditions 
 
Figure 3 – 1 Disposable electrode 77 
Figure 3 – 2 Electrode placement 78 
Figure 3 – 3 Posture-monitoring equipments 80 
Figure 3 – 4 Standing posture 82 
Figure 3 – 5 Sitting posture 83 
Figure 3 – 6 Four point kneeling posture 84 
Figure 3 – 7 Manual ECG cleaning for three seconds (after 10 second) 87 
Figure 3 – 8 Semi-automatic ECG cleaning for five seconds (after 10 second) 89 
Figure 3 – 9 Normalisation of medial muscle group 91 
Figure 3 – 10 Skin Impedance on day 1 and day 2  93 
Figure 3 – 11 RMS – Raw data vs Cleaned data before and after ECG removal 96 
Figure 3 – 12 Uncleaned surface EMG signal during sitting with no arms 
raised (SITN) and with bilateral arms raised to 90 degrees 
(SITB) 
110 
 
 
 
 
 
 
Chapter 4 : Surface EMG recording of MVC using two 
different techniques 
 
Figure 4 – 1  DE-2.3 Surface EMG sensor 123 
Figure 4 – 2 Electrode placement 124 
Figure 4 – 3 Unsupported trunk holding test 125 
Figure 4 – 4 Supported trunk holding test 126 
Figure 4 – 5 EMG signal after subtracting baseline drift 128 
Figure 4 – 6 An example of the adjusted raw signal and the rectified signal 130 
Figure 4 – 7 Plotted all RMS values of each 50 sample moving window 131 
Figure 4 – 8 Lever in two different MVC techniques 135 
 
 
 
 
 
 
Chapter 5 :  Surface EMG recording of lumbar paraspinal 
muscles under dynamic conditions 
 
Figure 5 – 1 Metronome 142 
Figure 5 – 2 Dimension of foot sensor 144 
                                                                                                                                                             List of Figures                                                                      
 xii 
Figure 5 – 3 EMG signal after subtracting baseline drift 146 
Figure 5 – 4 Raw EMG signal, smoothed signal, and gait cycle 148 
Figure 5 – 5 100 sample window of the activity envelope 150 
Figure 5 – 6 Visual inspection for onset, peak and offset points of the activity 
envelope 
152 
Figure 5 – 7 Timing of muscle activity (Onset, Peak, and Offset) relative to 
right heel strike 
153 
Figure 5 – 8 Normalisation procedure within a gait cycle with respect to the 
area of the activity envelope 
155 
Figure 5 – 9 Normalisation method within a gait cycle with respect to the 
length of  the activity time   
156 
Figure 5 – 10 Normalisation within a gait cycle with respect to the amplitude 
of the activity envelope   
157 
Figure 5 – 11 Pattern of the shape of the activity envelope (SOA)  158 
Figure 5 – 12 Timing between onset and peak within an activity envelope 158 
Figure 5 – 13 Timing between peak and offset within an activity envelope 159 
Figure 5 – 14 Timing between onset and offset within an activity envelope 159 
Figure 5 – 15 Shape of the activity envelope (SOA) 160 
Figure 5 – 16 Timing between onset (1st activity envelope) and onset (2nd 
activity envelope) within a gait cycle 
161 
Figure 5 – 17 Timing between peak (1st activity envelope) and peak (2nd 
activity envelope) within a gait cycle 
162 
Figure 5 – 18 Timing between offset (1st activity envelope) and offset (2nd 
activity envelope) within a gait cycle 
162 
Figure 5 – 19 Flow chart of steps of the first statistical analysis to determine 
whether there was a consistent pattern of muscle activity within a 
subject in paraspinal muscles within the first recording minute (1 
~ 2 minute) 
164 
Figure 5 – 20 Flow chart of stages of the second statistical analysis to 
determine whether there was a consistent pattern of muscle 
activity in paraspinal muscles during 10 minutes of walking 
166 
Figure 5 – 21 Flow chart of steps of the third statistical analysis to determine 
whether first activity envelope (1st AE) was different from the 
second activity envelope (2nd AE) within a gait cycle 
168 
Figure 5 – 22 Flow chart of steps of the fourth statistical analysis to determine 
whether there was a difference between sides at the same level 
with the first recording minute (1 ~ 2 minute) 
170 
Figure 5 – 23 Flow chart of steps of the fifth statistical analysis to determine 
whether there was a difference between levels at the same side 
within the first minute recording (1 ~ 2 minute) 
171 
Figure 5 – 24 Three patterns of the shape of the activity envelope (SOA) when 
the timing between onset and offset of the activity envelope was 
same 
201 
                                                                                                                                                               List of Tables                                                                      
 xiii 
List of Tables 
  Page 
Chapter 2 : Literature review  
Table 2 – 1 Which muscle was recorded during walking in previous studies? 56 
Table 2 – 2 How subjects kept walking in previous studies? 57 
Table 2 – 3 How the EMG signal was recorded in previous studies? 58 
Table 2 – 4 Analysis method of the recording EMG signal in previous 
studies 
59 
   
   
Chapter 3 :  Surface EMG recording of lumbar paraspinal 
muscles under static conditions 
 
Table 3 – 1 Electrode placement 77 
Table 3 – 2 Static posture tasks 81 
Table 3 – 3 ICC for non-normalised data with respect to RMS – Raw 
and cleaned data during sitting posture with no arms raised 
(SITN) 
97 
Table 3 – 4 ICC for normalised data with respect to RMS – Raw 
and cleaned data during sitting posture with no arms raised 
(SITN) 
97 
Table 3 – 5 ICC for four point kneeling posture with respect to RMS of the 
signal cleaned by the manual ECG cleaning technique 
98 
Table 3 – 6 ICC for sitting postures with respect to RMS with respect to 
RMS of the signal cleaned by the manual ECG cleaning 
technique 
99 
Table 3 – 7 ICC for standing posture with respect to RMS with respect to 
RMS of the signal cleaned by the manual ECG cleaning 
technique 
100 
Table 3 – 8 ICC with respect to RMS of the signal cleaned by the semi-
automatic ECG cleaning technique 
101 
Table 3 – 9 ICC with respect to mean frequency of the signal cleaned by the 
semi-automatic ECG cleaning technique 
102 
Table 3 – 10 ICC under three different data for four point kneeling posture 103 
Table 3 – 11 ICC under three different data for sitting posture 104 
Table 3 – 12 ICC under three different data for standing posture 105 
Table 3 – 13 ICC of normalised signal cleaned by the manual ECG cleaning 
technique for four point kneeling posture 
106 
Table 3 – 14 ICC of normalised signal cleaned by the manual ECG cleaning 
technique for sitting posture 
107 
Table 3 – 15 ICC of normalised signal cleaned by the manual ECG cleaning 
technique for standing posture 
107 
Table 3 – 16 ICC of normalised signal cleaned by the semi-automatic ECG 
cleaning technique 
108 
  
 
  
 
Chapter 4 : Surface EMG recording of MVC using two 
different techniques  
Table 4 – 1 Electrode placement 125 
Table 4 – 2 Results of one sample t-test – Unsupported / Supported trunk 134 
                                                                                                                                                               List of Tables                                                                      
 xiv 
holding test (N = 9) 
   
Table 4 – 3 Results of  one sample Wilcoxon singed rank test - Unsupported / Supported trunk holding test (N = 9) 
134 
  
 
  
 
Chapter 5 :  Surface EMG recording of lumbar paraspinal 
muscles under dynamic conditions  
Table 5 – 1 Electrode placement 141 
Table 5 – 2 Recording period of the surface EMG signal within the 10 
minute walk 
143 
Table 5 – 3 Normalised amplitude relative to MVC and normalised 
frequency within a gait cycle – Results of the F-test within the 
first recording minute (1 ~ 2 minute) 
175 
Table 5 – 4 Normalised amplitude relative to MVC – Consistent pattern of 
muscle activity within the first (1 ~ 2 minute) and last (9 ~ 10 
minute) recording minutes  
177 
Table 5 – 5 Normalised frequency within a gait cycle – Consistent pattern of 
muscle activity within the first (1 ~ 2 minute) and last (9 ~ 10 
minute) recording minutes 
180 
Table 5 – 6 Normalised amplitude relative to MVC and normalised 
frequency within a gait cycle – Consistent pattern of muscle 
activity between the first and last recording minutes 
182 
Table 5 – 7 Normalised amplitude relative to MVC and normalised 
frequency within a gait cycle – Comparison analysis between 
sides on same level within the first recording minute (1 ~ 2 
minute) 
184 
Table 5 – 8 Normalised amplitude relative to MVC – Comparison among 
three levels on the same side 
185 
Table 5 – 9 Normalised frequency within a gait cycle – Comparison among 
three levels on the same side 
186 
Table 5 – 10 Internal consistency each recording minute 207 
Table 5 – 11 Internal consistency for two different recording minutes 208 
   
   
Chapter 6 : Conclusion and Recommendations  
Table 6 – 1 Parameter can be used for future studies 217 
 
 
                                                                                                Publication and Congress and Conference abstract 
 xv 
Publication and Congress and Conference abstracts 
Published paper 
1. Kamei K, Kumar DK, Polus BI, Reliability and validity of surface electromyography 
(SEMG) to study the functional status of lumbar paraspinal muscles during execution of 
the unsupported sitting posture, Chiropractic Journal of Australia. 37(1) p30-37 2007 
 
Congress and Conference abstracts 
1. Kamei K, Kumar DK, Polus BI, The reliability and validity of surface electromyography 
(SEMG) to study activity patterns of lumbar paraspinal muscles during the execution of 
simple static postures, 5th Interdisciplinary World Congress on Low Back and Pelvic Pain, 
November 10-13, 2004, Melbourne, Australia 
 
2. Kamei K, Kumar DK, Polus BI, The reliability of surface electromyography (SEMG) to 
study the functional status of lumbar paraspinal muscles during the execution of simple 
static postures, School of Health Sciences 1st Research conference, RMIT University, July 
2005, Melbourne, Australia  
 
3. Kamei K, Kumar DK, Polus BI, The reliability of surface electromyography (SEMG) to 
study the functional status of lumbar paraspinal muscles during the execution of simple 
static postures, WFC’s 8th Biennial Congress, June 16-18, 2005, Sydney, Australia 
 
4. Kamei K, Polus BI, Kumar DK, The reliability of surface electromyography (SEMG) to 
study the functional status of lumbar paraspinal muscles during the execution of the 
unsupported sitting posture, School of Health Sciences 2nd Research conference, RMIT 
University, July 2006, Melbourne, Australia 
 
                                                                                                Publication and Congress and Conference abstract 
 xvi 
5. Kamei K, Polus BI, Reliability and validity of surface electromyography (SEMG) to 
study the functional status of lumbar paraspinal muscles during execution of the 
unsupported sitting posture, CAA 1st Scientific Symposium & Policy Forum, August 12-
13, 2006, Sydney, Australia 
 
                                                                                                                                                                  Declaration 
 xvii 
Declaration 
I certify that except where due acknowledgement has been made, the work is that of the 
author alone; the work has not been submitted previously, in whole or in part, to qualify for 
any other academic award; the content of the thesis is the result of work which has been 
carried out since the official commencement date of the approved research program; and, 
any editorial work, paid or unpaid, carried out by a third party is acknowledged.  
 
 
 
 
 
 
 
 
 
Signed :  
Name : Ken Kamei BAppSc, BCSc 
Date :   
 
 
 
 
 
 
 
                                                                                                                                                      Acknowledgements                                                                      
 xviii 
Acknowledgements 
The work contained in this thesis was conducted in the clinical neuroscience research group in 
the Division of chiropractic at RMIT University under the direction of Associate Professor 
Barbara I. Polus. I would also like to acknowledge numerous people who supported me 
through my entire academic journey.  
 
I am deeply grateful to my senior supervisor Associate Professor Barbara Polus whose 
comments and suggestions were of inestimable value for my studies. She has given me 
uncountable opportunities to discuss and review my work in this thesis.  
 
Special thanks also go to my supervisor Associate Professor Dinesh Kant Kumar whose 
comments made an enormous contribution to my work, particularly his engineering points of 
view. 
 
I appreciate all the support from the Head of Division Associate Professor Phillip S. Ebrall 
including PC, a great working place, travel, and scholarship. These made it me possible for 
me to complete my thesis. 
 
I am indebted to Associate Professor Clifford Da Costa. He has spent a lot of time with me 
during my PhD project. He always gave me insightful comments and suggestions including 
statistical analysis. So that I could become more familiar with statistic. He also encouraged 
me to take body balance classes which helped to improve my musculoskeletal problems. 
 
I wish to thank Dr. Karen Rae Lucas and Dr. Amanda-Jane Kimptom for providing me with 
helpful assistance in the writing of this thesis. 
 
                                                                                                                                                      Acknowledgements                                                                      
 xix 
I would like to express my gratitude to Dr. Sanae Ichikawa. Since she started visiting 
Melbourne, I have had several meetings with her. The meetings with her were so worth while. 
I have learned many lessons from her experiences which she shared with me. 
 
I received generous support from Dr. John Reece including the candidature for my PhD and 
we had several discussions about my master project.  
 
I would like to thank to Ms. Julie Barnett. When I had any problems regarding my 
candidature or my visa, she helped me a lot. She was always kind to me.  
 
I wish to thank Mr. Vijay Pal Singh and Mr. Subash Chandar Ragupathy for providing with 
me with a program for signal processing tool. Without their programs, I could not go further. 
 
My deepest appreciation goes to RMIT the chiropractic unit Japan. Without them, I would not 
be here.  
 
I would like to thanks all the people who participated my experiments. 
 
My warm thanks are due to three chiropractors (Dr. Hanne Johnson, Dr. Emma Kate Curnow 
– in four months later will be a chiropractor, and Dr. Joseph Patrick Floreani – in 1.5 years 
will be a chiropractor), and osteopath (Dr. Keiichi Hagiwara) who looked after my back 
thoughtout my studies. Their treatments were so helpful for my musculoskeletal problems. 
 
I also extend my thanks to my friends, Li-Ching Chen, Nobuhiro Watanabe, Denise Elizabeth 
Haviland, Keisuke Takeyachi, Keiichi Kageyama, Narelle Margaret Barry, Xu Xin, Piyapong 
                                                                                                                                                      Acknowledgements                                                                      
 xx 
Panparasit, and Carol Louise Owen. They have provided warmth and encouragement 
throughout all my studies in Australia. 
 
I also would like to thank my god mother Ms. Kiyoko Iwata who has always been praying for 
my better fortune, health, and safety since I came here. I have not had any serious sickness, or 
any accidents. I can live here so peacefully. 
 
Special thanks to all current staff and retired staff who helped me in the Division of 
Chiropractic and School of Health Sciences. They were very kind to me 
 
Finally, I would like to express my sincere appreciation to my family (my parents, brother, 
and grandmother) for their constant support during the research. 
 
                                                                                                                                                                      Summary 
 xxi 
Summary 
The aim of this thesis is to determine whether the surface electromyography (EMG) can be 
used as a diagnostic tool in chiropractic practice to identify the functional status of the lumbar 
paraspinal muscles. There were two main studies to achieve this aim in this thesis.  
 
The first project (Chapter 3) determined the reliability and validity of the surface EMG signal 
to measure the activity of the lumbar paraspinal muscles during maintenance of simple static 
postures. Some of these postures are commonly used in clinical practice. During maintenance 
of such postures, the raw surface EMG signal was often contaminated by an 
electrocardiographic (ECG) artefact. Because the level of activation of the lumbar paraspinal 
muscles was low during maintenance of these postures, this ECG artefact became the largest 
component of the recorded raw surface EMG signal. Such an artefact becomes a validity issue. 
Although the ECG artefact was successfully removed using two different ECG cleaning 
techniques (manual and semi-automatic), the reliability of the surface EMG signal was not 
significantly improved (ICC < 0.75) for both non-normalised and normalised data. Therefore 
the static postures that were used in this thesis did not provide a protocol that can be used to 
measure the functional status of the lumbar paraspinal muscles. However, when muscle 
contraction was at moderate level, the reliability of EMG signal became better. So that the 
reliability of surface EMG recorded from the lumbar paraspinal muscles could be related to a 
level of muscle contraction. 
 
The second project (Chapter 4) was to evaluate whether two different maximum isometric 
voluntary contraction (MVC) techniques produced the same effort of muscle contraction as 
evidenced by calculating the amplitude of the surface EMG signal recorded from the lumbar 
paraspinal muscles. The MVC is used as a reference muscle contraction which is then used to 
normalise the amplitude measure of the surface EMG signal. The unsupported trunk holding 
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test is the most common technique used to measure the MVC in order to normalise the EMG 
signal recorded from low back muscles. The second technique was to perform the same trunk 
holding test while the trunk was supported by a bench. Although there was no difference 
between the two different techniques in the amplitude of the signal recorded from the thoracic 
region, the supported trunk holding test did not produce the same amplitude of the EMG 
signal in the lumbar region as well as the unsupported trunk holding test did. The conclusion 
from this study was that when the surface EMG signal is recorded from the lumbar paraspinal 
muscles, the unsupported trunk holding test is the more appropriate method to use to measure 
MVC. 
 
The third project (Chapter 5) was to determine whether a simple walking activity is a suitable 
protocol to record a reliable surface EMG signal from the paraspinal muscles. Three 
components of the surface EMG signal were used to characterise the pattern of muscle 
activity during steady state walking. The narrow window technique was used to characterise 
the peak activation point of the activity envelope in order to capture a stationary signal to 
calculate amplitude and frequency measures. In order to identify the peak activation point of 
the activity envelope, a moving RMS window, 50 samples wide, was used. This same moving 
window was also used to identify the start and end points of the activity envelope and define 
the timing of the muscle activation cycle relative to heel strike. The metronome was found to 
be useful to control the pace of natural walking in this study. The surface EMG signal of the 
first recording minute (1 ~ 2 minute) was not associated with a signal that was stable in terms 
of the parameters that were used in this study. It was found that the last recording minute (9 ~ 
10 minute) can be used. This suggests that it may be necessary for subjects to walk for a 
defined period lasting some minutes before the commencement of recording of the surface 
EMG.  
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Surface EMG is used to measure activation patterns of the low back muscles during muscle 
contraction associated with the support of various static postures or during the execution of 
dynamic movements such as walking in the real world. The static postures used in this thesis 
to record the surface EMG signal from the lumbar paraspinal muscles were found not to 
provide the basis for a reliable and valid method to measure the functional status of low back 
muscles. However, a walking exercise might be an alternative activity which can be used 
easily in clinical practice. The components of the surface EMG signal that may be used in 
future studies might include measures of the amplitude, frequency and timing of the surface 
EMG signal.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                            Lists of symbols and abbreviations 
 xxiv 
Lists of symbols and abbreviations 
AOA – area of the activity envelope 
 
AE – activity envelope 
 
AEs – activity envelopes 
 
ASISs – anterior superior iliac spines 
 
ATP – adenosine triphoshate 
 
BMI – body mass index 
 
CI – confidence interval 
 
CNS – central nerve system 
 
CSA – cross sectional area 
 
CT – computerised tomography 
 
DC – direct current 
 
D1 – day 1 
 
D2 – day 2 
 
EMG – electromyography, electromyographic 
 
ECG – electrocardiography, electrocardiographic 
 
E1 – effort of the lumbar region 
 
E2 – effort of the thoracic region 
 
FFT – fast fourier transform  
 
F1 – fulcrum during the unsupported MVC technique 
 
F2 – fulcrum during the supported MVC technique 
 
1g  – first right heel strike with a gait cycle 
 
2g  – second right heel strike with a gait cycle 
 
l  – length of the original signal 
 
ICC – intraclass correlation coefficient 
 
LBP – low back pain 
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LHSG – left heel strike group (including first, third, and fifth activity envelopes) 
 
L1 – lumbar first, first lumbar 
 
L1/2 – lumbar vertebral segment 1/2 
 
L2 – lumbar second, second lumbar 
 
L2/3 – lumbar vertebral segment 2/3 
 
L2/3 L – lumbar 2/3 iliocostalis muscle 
 
L2/3 M – lumbar 2/3 superficial multifidus muscle 
 
L3 – lumbar third, third lumbar 
 
L4 – lumbar fourth, fourth lumbar 
 
L4/5 – lumbar vertebral segment 4/5 
 
L4/5 M – lumbar 4/5 superficial multifidus muscle 
 
L5 – lumbar fifth, fifth lumbar 
 
L5/S1 – lumbar vertebral 5th and sacral segment 
 
L6 – sixth lumbar, lumbar sixth 
 
ma – the mean amplitude of the original signal 
 
Manual – raw data was cleaned by the manual ECG cleaning method 
 
 
MF – median frequency 
 
MFr  – ratio of the median frequency between the first and second activity envelopes with a 
gait cycle 
 
MRI – magnetic resonance imaging 
 
mRMS – moving root mean square (RMS) 
 
MVC – maximum voluntary isometric muscle contraction, maximum voluntary muscle 
contraction 
 
RMSMVC – mean RMS value of two sessions of MVC 
 
RMSMVC1  – mean RMS value of two sessions of MVC for the unsupported trunk holding test 
 
RMSMVC 2 – mean RMS value of two sessions of MVC for the supported trunk holding test 
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non-LBP – non low back pain 
 
Peak – highest amplitude point of an activity envelope 
PkPk – time between normalised peak of the first activity envelope ( 1%Peak ) and normalised 
peak of the second activity envelope ( 2%Peak ) within a gait cycle 
 
PkOff – time between normalised peak (%Peak) to normalised off set (%Offset) relative to 
right heel strike 
 
PSIS – posterior superior iliac spine 
 
PSISs – posterior superior iliac spines 
 
OffOff – time between normalised offset of the first activity envelope ( 1%Offset ) and 
normalised offset of the second activity envelope ( 2%Offset ) within a gait cycle 
 
Offset – inactive point of an activity envelope 
 
OnPk – time between normalised onset (%Onset) and normalised peak (%Peak) relative to 
right heel strike 
 
OnOff – time between normalised onset (%Onset) and normalised offset (%Offset) 
OnOn – time between normalised onset of the first activity envelope ( 1%Onset ) and 
normalised onset of the second activity envelope ( 2%Onset ) within a gait cycle 
 
Onset – active point of an activity envelope 
 
Raw – raw data of the recorded surface EMG signal 
 
rawRMS – raw root mean square (RMS) 
 
RHSG – right heel strike group (including second, fourth, and sixth activity envelopes) 
 
RL – resistive force 
 
RMS – root mean square 
 
rRMS  – ratio between the unsupported trunk holding test and supported trunk holding test 
 
r2 – Coefficient of determination (correlation coefficient squared) 
 
Semi – raw data was cleaned by the semi-automatic ECG cleaning method 
 
SD – standard deviation 
 
SITB – sitting with bilateral arms raised flexion to 90 degrees 
 
SITL – sitting with the left arm raised flexion to 90 degrees 
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SITN – sitting with no arms raised 
 
SITR – sitting with the right arm raised flexion to 90 degrees 
 
SLR – straight leg raise 
 
SOA – shape of the activity envelope 
 
STAN – standing with no arms raised 
 
STANB – standing with bilateral arms raised flexion to 90 degrees 
 
STANL – standing with the left arm raised flexion to 90 degrees 
  
STANR – standing with the right arm raised flexion to 90 degrees 
 
STFT – short time fourier transform 
 
Sub-MVC – sub-maximum voluntary muscle contraction 
 
emgS  – original signal 
 
emgSS  – signal is adjusted at the appropriate position 
 
SW – 100 sample window 
 
SW1 – 50 sample window before 50 sample window which contained the largest amplitude of 
the activity envelope, 50 sample window before 50 sample window (SW2) which 
contained the peak point of the activity envelope 
 
SW2 – 50 sample window which contained the largest amplitude of the activity, 50 sample 
window which contained the peak point of the activity envelope 
 
S1 – first sacral 
 
S1 – first data set of three consecutive gait cycles 
 
S2 – second data set of three consecutive gait cycles 
 
S4  – fourth sacral 
 
T8 – thoracic eighth, eighth thoracic 
 
T9 – thoracic ninth, ninth thoracic 
 
T12 – thoracic twelfth, twelfth thoracic 
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%MVC – normalised RMS value relative the maximum voluntary isometric muscle 
contraction 
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1.1. Surface electromyography as a diagnostic tool in chiropractic 
practice 
Electromyography (EMG) is a common tool used to understand the function and dysfunction 
of the neuromuscular system (Soderberg & Knutson, 2000). Chiropractors use surface 
electromyography (EMG) to assess change in paraspinal muscle activity proposed to be 
associated with the chiropractic vertebral subluxation as an outcome of chiropractic care 
(Gentempo & Kent, 1990; Kent & Gentempo, 1993, 1995). Chiropractic manipulation has 
been shown to be associated with a 25% reduction in paraspinal muscle activity and this 
finding has helped form the basis for the assessment of paraspinal muscle dysfunction before 
and after chiropractic treatment (Shambaugh, 1987). The “chiropractic vertebral subluxation” 
has been defined as a neuro-mechanical spinal dysfunction (Hochman, 2004). Alternatively, 
Walker (1996) describes chiropractic subluxation as a manipulable spinal lesion.  
 
The most common protocol used in chiropractic practice records the surface EMG signal from 
specific segmental levels of the spine during the maintenance of comfortable unsupported 
sitting (Gentempo, 1990; Gentempo & Kent, 1990; Gentempo & Kent, 1991; Kelly & Boone, 
1998; Kent & Gentempo, 1990a, 1992, 1995) or standing (Marcarian, 2002) postures. The 
mean value of the amplitude of the signal is calculated by the root mean square (RMS) of the 
signal for each segmental level.  These mean values, recorded from the patient, are compared 
with a normative data set (Kent, 1997; Kent & Gentempo, 1990a) which was collected from a 
healthy population group (Cram & Engstrom, 1986). When the mean value of the signal 
recorded from a specific spinal level is greater than one standard deviation (SD) away from 
the normative data set, this is thought to be an indication of a local paraspinal muscle 
dysfunction (Gentempo, 1990). The severity of the paraspinal muscle dysfunction is classified 
into four categories including normal, mild (greater than one to two SD), moderate (greater 
than two to three SD), and severe (greater than three to four SD) (Gentempo, Kent, Hightower, 
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& Minicozzi, 1996). The mean value of the signal, recorded from the patient, is also used to 
compare between sides at the same level. When the mean value of the signal recorded from 
one side of the spine is more than 20% higher than that of the other side of the spine at the 
same level, this is thought to be another indication of a local paraspinal muscle dysfunction 
(Gentempo, 1990). The surface EMG signal recorded before and after a series of treatments is 
used as an outcome of effectiveness of chiropractic care. 
 
Another diagnostic test advocated for use in chiropractic practice is the assessment of the 
pattern of muscle activity recorded during trunk movement and comparing activity bilaterally 
at four specific segmental levels (Kent & Gentempo, 1993, 1995). In this so-called dynamic 
assessment, four types of trunk movement have been used including flexion, extension, lateral 
flexion, and rotation (Kent & Gentempo, 1993, 1995). When the amplitude of muscle activity 
is asymmetric between sides during such dynamic assessments, or absence of muscle 
relaxation is observed during trunk flexion within a patient, this is thought to be another 
indication of the paraspinal muscle dysfunction associated with the chiropractic subluxation 
which may not be disclosed during the maintenance of sitting and standing postures (Kent & 
Gentempo, 1993, 1995). As a result, this dynamic assessment is also thought to be useful as 
an outcome assessment tool for chiropractic practice.  
 
Although there are a number of clinical methods which are used to detect the chiropractic 
vertebral subluxation (Walker, 1996), it has been found that common clinical methods used to 
detect this entity in patients with chronic low back pain are not reliable both within an 
examiner and between examiners (French, Green, & Forbes, 2000). The usefulness of the 
surface EMG signal to quantify the chiropractic vertebral subluxation has also not yet been 
evaluated. One reason for this is that the chiropractic vertebral subluxation is a clinical entity. 
The functional (physiological) attributes associated with this segmental clinical phenomenon 
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have not yet been established. This makes it very difficult to develop biometric tools that can 
be reliably used by chiropractors in clinical practice to evaluate the functional integrity of 
spinal motion segments. The biometric tools are used to recognise physiological (fingerprint, 
face, DNA, hand, palm, and iris recognition) and behaviour characteristics (gait, and voice) 
(Jain, 2005). What we do know is that chiropractors routinely see patients with low back pain 
(LBP)  in their clinics (Mootz et al., 2005). Low back pain is also highly prevalent in 
Australia (Walker, Muller, & Grant, 2004) and chiropractic care has been found to be 
effective in the alleviation of symptoms associated with LBP (McMorland & Suter, 2000). So 
evaluation of paraspinal muscle activity using surface EMG in patients with LBP may be a 
more fruitful approach in providing a tool to assess the functional integrity of lumbar spinal 
joints.  
 
1.2. Low back pain and lumbar multifidus muscle 
Low back pain (LBP) is a common discomfort of daily living. It is defined as discomfort 
(which may be severe), localized below the costal margin and above the inferior gluteal folds, 
with or without leg pain (van Tulder, Koes, & Bombardier, 2002). Seventy percent of adults 
may suffer from LBP at some time in their life (Deyo, Rainville, & Kent, 1992). Ninety 
percent (%) of patients with LBP will have non specific LBP (van Tulder et al., 2002) which 
is defined as pain not occurring as a result of a specific pathology (e.g. infection, tumour, 
osteoporosis, ankylosing spondylitis, fracture, inflammatory process, radicular syndrome or 
cauda equina syndrome) (Burton et al., 2006). In Australia, the total cost of treatment from 
health providers for LBP was A$ 835 million in 2001 (Walker, Muller, & Grant, 2003). 
Furthermore, 76.6% of this amount was spent for treatment by chiropractors, physiotherapists, 
general practitioners, massage therapists, acupuncturists, and osteopaths in 2001 (Walker et 
al., 2003). Therefore, LBP is an economic burden to society. An age range between 35 and 55 
is the peak prevalence of LBP (Andersson, 1999). Although an acute episode of LBP resolves, 
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its recurrence rate is high within the next one year (Hides, Richardson, & Jull, 1996). It is 
unknown why patients who have experienced an acute episode of LBP have a high recurrence 
rate within the next one year. One explanation may be structural changes of the lumbar 
multifidus muscles. Several studies found the lumbar multifidus muscle was atrophied in 
imaging studies (Barker, Shamley, & Jackson, 2004; Cooper, St Clair Forbes, & Jayson, 
1992; Danneels, Vanderstraeten, Cambier, Witvrouw, & De Cuyper, 2000; Hides, Stokes, 
Saide, Jull, & Cooper, 1994; Hyun, Lee, Lee, & Jeon, 2007; Kader, Wardlaw, & Smith, 2000; 
Mengiardi et al., 2006; Stokes, Cooper, Morris, & Jayson, 1992), and the internal structure of 
the lumbar multifidus muscle was changed (Mattila et al., 1986; Yoshihara, Shirai, Nakayama, 
& Uesaka, 2001; Zhao, Kawaguchi, Matsui, Kanamori, & Kimura, 2000) in patients who 
have suffered LBP. These changes have been suggested to be a factor responsible for the high 
recurrence rate of acute episodes of LBP. The recurrence rate of acute episodes of LBP in 
patients who have performed specific stabilization exercises designed to activate the lumbar 
multifidus muscle is decreased (Hides, Jull, & Richardson, 2001). Therefore, the condition of 
the lumbar multifidus muscle is thought to be associated with the high recurrence rate of LBP. 
Structural change of the multifidus muscle might be expected to be accompanied by 
measurable functional changes. Indeed, needle EMG has been used as a diagnostic tool to 
evaluate function of the lumbar paraspinal muscles in patients with LBP after LBP (Yoshihara, 
Nakayama, Fujii, Aoki, & Ito, 2003). Therefore, assessment of the functional status of lumbar 
paraspinal muscles using a method easily accommodated into chiropractic practice may be of 
benefit. It may also be the first step in establishing a rationale for biometric assessment of the 
“chiropractic subluxation” which is the target of therapy for LBP by chiropractors. 
 
1.3. Aim of this thesis 
Surface EMG is a popular diagnostic instrument that is used by chiropractors ("Chiropractic 
diagnostic Instrumentation," 2003). The protocol documented to record the surface EMG 
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signal to assess paraspinal muscle activity of the thoracic and lumbar regions (10 electrode 
sites) was developed by Kent and Hyde (1987). Later, a variation to this protocol was 
introduced by Kent and Gentempo (1990a) so that the cervical region and transitional areas 
(cervico-thoracic and thoraco-lumbar junctions) were included. Therefore, the current 
protocol includes a total of 15 paired electrode sites (4 cervical, 7 thoracic, and 3 lumbar 
vertebral, and 1 sacral level) and these are used to assess paraspinal muscle activity. When the 
recorded signal is compared to a normative data set, it is assumed that regions of altered 
paraspinal muscle activity may be identified (Gentempo & Kent, 1990). In other words, in 
clinical practice, the surface EMG signal is thought to record a unique pattern of muscle 
activity for each recording site. The surface EMG records activity from the most superficial 
active layers of the muscle fibres. In the lumbar region, the lumbar multifidus muscle consists 
of a number of layers (Macintosh, Valencia, Bogduk, & Munro, 1986). The most superficial 
fibres of the multifidus muscle overlap multiple segmental levels (Macintosh et al., 1986). 
The part of the protocol developed by Kent and Gentempo (1990a) records paraspinal muscle 
activity from the lumbar and sacral region including the first, third and fifth lumbar vertebral 
levels (L1, L3, and L5), and first sacral level (S1) to define paraspinal muscle function in this 
spinal region (Kent & Gentempo, 1990a). Given that the most superficial fibres of the 
multifidus muscle span multiple segments it is questionable whether the surface EMG can 
record a unique pattern of muscle activity from a specific segmental level. In order to test this 
issue, specific anatomical landmarks (De Foa, Forrest, & Biedermann, 1989) have been used 
to place surface electrodes parallel to the orientation of the most superficial multifidus muscle 
fibres, and the surface EMG signal has been recorded from two segmental levels during 
maintenance of specific static postures. 
 
The protocol introduced by  Kent and Hyde (1987) stated that the surface EMG signal is 
recorded from paraspinal muscles for three seconds during maintenance of a static posture 
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after the signal is stabilised (Kent & Gentempo, 1990a). Kent and Gentempo (1990a) defined 
the signal stability when the signal is “flat line”. This visual inspection of the raw data is 
carried out to exclude movement artefacts. The RMS of the signal is then calculated and 
compared to the normative data set by an automated process (Kent & Gentempo, 1990b). 
However, when the surface EMG signal is recorded from the lumbar paraspinal muscles, the 
signal is contaminated by the electrocardiographic (ECG) artefact  (Allison, 2003; Butler, 
Newell, Hubley-Kozey, & Kozey, 2007; Drake & Callaghan, 2006; Hu, Mak, & Luk, 2007; 
Kuriyama & Ito, 2005; Marque et al., 2005; Mathieu & Fortin, 2000; Panagiotacopulos, Lee, 
Pope, & Friesen, 1998; Zhou, Lock, & Kuiken, 2007). The electrocardiographic artefact 
appears periodically, and it is variable for each individual and within an individual. For a 
three second recording period, at least one ECG artefact would be expected to be observed. 
However, in the protocol developed by Kent and Gentempo (1990a), this artefact is not 
considered. The ECG artefact is a higher amplitude than that of the EMG signal. It is 
necessary to verify whether the EMG signal is contaminated by the ECG artefact using the 
raw data before it is processed. After processing the contaminated signal, it may be difficult to 
identify the ECG artefact. In this thesis, the EMG signal has been recorded for 60 seconds to 
evaluate the functional status of the lumbar paraspinal muscles. After the signal has stabilised 
(after 10 second), the data has been used to assess the impact of the ECG artefact on the 
amplitude of the surface EMG signal recorded from the lumbar paraspinal muscles during 
maintenance of specific static postures.  
 
The protocol under investigation used a normative data set to assess the severity of paraspinal 
muscle dysfunction (Gentempo et al., 1996). When the amplitude of the EMG signal is 
compared between subjects, between muscles, and between days, Cram (1998b) suggested 
that the signal should be normalised using a reference muscle contraction (maximum 
voluntary muscle contraction (MVC), or sub-maximum voluntary muscle contraction (sub-
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MVC)). This is because the EMG signal can be influenced by several factors including skin 
impedance (Cram, Kasman, & Holtz, 1998b; LeVeau & Andersson, 1992), electrode location 
(Kamen & Caldwell, 1996; LeVeau & Andersson, 1992), and thickness of the subcutaneous 
tissue (Kamen & Caldwell, 1996; Merletti, Rainoldi, & Farina, 2004). Therefore, the 
condition of the EMG recording may be different for each individual. As a result, the 
amplitude of the signal for a given force of muscle contraction is variable for each individual. 
No literature was identified to show that the protocol included a reference muscle contraction 
to normalise the amplitude of the signal. Also, the identified literature did not indicate why 
the signal is not normalised. In this thesis, different forms of normalisation of the surface 
EMG have been used including the MVC and sub-MVC. In addition another form of 
normalisation was used which was thought to be applicable for clinical practice. This 
procedure involved using one electrode site as the reference muscle contraction, and then the 
other three sites were divided by the reference electrode site. This method allows the 
amplitude relationship between the three electrode sites to be revealed.  
 
The surface EMG signal is used as an outcome assessment of chiropractic treatment 
(Carmichael, 1997; Gentempo & Kent, 1991; Gentempo & Kent, 1996; Kelly & Boone, 1998; 
Kent & Gentempo, 1992). The EMG signal is recorded on different occasions after a period of 
treatment in order to assess change of paraspinal muscle activity. In clinical practice, the 
EMG recording is carried out without any means that allows reproduction of a specific static 
posture at the follow up assessment (Chiropractic Leadership Alliance, 2009; Kelly & Boone, 
1998; Kent & Gentempo, 1990a; McCoy et al., 2006; McCoy, George, Jastremski, Butaric, & 
Blanks, 2007). The assumption is that the static posture is always reproducible. The study by 
O'Sullivan (2006) has demonstrated how a small change in static posture has a high impact on 
the EMG signal. Another study (Cram, Lloyd, & Cahn, 1994) evaluated the reliability of the 
surface EMG signal within a single day in people experiencing pain located in the neck, head, 
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upper back, or low back. The surface EMG signal was recorded during the maintenance of 
comfortable unsupported sitting and standing postures. The correlation coefficient of the 
amplitude of the signal recorded from the third lumbar vertebral level (L3) between initial and 
second sessions and between initial and third sessions was moderate (less than 0.75).  
Therefore the surface EMG signal recorded from the lumbar region in a non-healthy 
population group was not reproducible. As a result, the protocol of the surface EMG 
recording used in clinical practice as a tool to assess paraspinal muscle dysfunction may not 
be also reproducible. In order to minimise posture change between two different recording 
sessions which has an influence on the reproducibility of the EMG signal, customised 
mechanical pointers which allowed reproduction of the specified static posture have been 
used to examine the reliability of the surface EMG signal recorded from the lumbar paraspinal 
muscles. 
 
Five issues including recording site, visual inspection of the raw signal, recording time period, 
normalisation, and reproducibility of a specific static posture that must be considered when 
recording the surface EMG signal from paraspinal muscles during the maintenance of a static 
posture have been discussed in previous paragraphs. In Chapter 3, the reliability and validity 
of the surface EMG signal has been evaluated when the surface EMG signal is recorded from 
two consecutive segmental levels in the lumbar region during the maintenance of static 
postures using equipment which can allow reproduction specific static postures at the follow 
up recording session in a healthy population group.   
 
In Chapter 3, the surface EMG signal recorded from the lumbar paraspinal muscles during 
maintenance of static postures was concluded to not be a reliable tool. In order to measure the 
functional status of paraspinal muscles, another protocol of the surface EMG recording was 
developed. Walking may be an alternative activity that may be used to investigate the 
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functional status of the lumbar paraspinal muscles using surface EMG in clinical practice. The 
EMG signal has been used previously to characterise the pattern of muscle activity during 
walking in a healthy population (Callaghan, Patla, & McGill, 1999; Carlson, Thorstensson, & 
Nilsson, 1988; Dofferhof & Vink, 1985; Thorstensson, Carlson, Zomlefer, & Nilsson, 1982; 
Vink & Karssemeijer, 1988; Vogt, Pfeifer, & Banzer, 2003; Waters & Morris, 1972) and low 
back pain groups (Arendt-Nielsen, Graven-Nielsen, Svarrer, & Svensson, 1995; Lamoth et al., 
2004; Lamoth, Meijer, Daffertshofer, Wuisman, & Beek, 2006; Vogt et al., 2003). However, 
the frequency component of the signal has rarely been used as a parameter to assess the 
functional status of the lumbar paraspinal muscles during walking. This could be because the 
frequency component of the EMG signal changes during muscle contraction under dynamic 
conditions (Mchugh, Tyler, Greenberg, & Gleim, 2002; Nakazawa, Kawakami, Fukunaga, 
Yano, & Miyashita, 1993; Potvin, 1997).  The frequency of the EMG signal has been 
commonly used to assess muscle fatigue (Zazula, Karlsson, & Doncarli, 2004). When the 
EMG signal is recorded under dynamic conditions, the signal is non-stationary. In order to 
analyse this non-stationary signal, the short time fourier transform (STFT) is a useful 
technique because the signal may be is assumed to be stationary within a short time frame 
(Enderle, Bronzino, & Blanchard, 2000; Zazula et al., 2004). However, if the state of 
contracting muscle is different in terms of its length and force of contraction, the frequent 
components of the signal within the short time frame are unlikely to be the same. This is a 
validity issue when the EMG is recorded during muscle contraction under dynamic conditions. 
When walking speed is changed, muscle activation changes and this will result in a change to 
the EMG signal (Anders et al., 2007; Callaghan et al., 1999; Thorstensson et al., 1982; Waters 
& Morris, 1972). Therefore, the same pace of walking must be maintained during the EMG 
recording. In this thesis, the metronome was used to maintain the individual’s pace of walking 
during the EMG signal recording, and the short time (narrow) window technique which was 
used to analyse the EMG signal under dynamic conditions (Singh, Kumar, Polus, & Fraser, 
                                                                                                                                             Chapter 1 : Introduction 
11 
2007) was modified and used to characterise the pattern of paraspinal muscle activity during 
walking.  
 
Two issues including pace of walking, and analysis of a non-stationary signal have been 
introduced in the previous paragraph. In Chapter 5, in order to develop biosignal analysis 
tools for clinical practice, the reliability and validity of the surface EMG signal recorded from 
the lumbar paraspinal muscles during walking has been evaluated in a healthy population 
group.  
 
As discussed in previously, the EMG signal should be normalised when the signal is 
compared between muscles, between subjects, and between days using a reference muscle 
contraction. The maximum voluntary muscle contraction (MVC) is commonly used as a 
reference muscle contraction. There are two methods which may be used to measure the MVC 
of the lumbar paraspinal muscles including the unsupported (Dankaerts, O'Sullivan, Burnett, 
Straker, & Danneels, 2004; Ng, Richardson, & Jull, 1997) and  supported (Mealing, Walsh, & 
Eaton, 1995) trunk holding tests both done in the prone position. The MVC can be influenced 
by psychological factors (Dankaerts et al., 2004; Seghers & Spaepen, 2004). For example, it 
may be difficult for individuals who experience low back pain to measure the MVC of low 
back muscles due to fear and apprehension that might occur when performing the task 
especially when the unsupported trunk holding test is used. In order to minimise this aspect, 
the supported trunk holding test may be more useful as a measure of MVC rather than the 
unsupported trunk holding test. In order to test this proposal, in Chapter 4, two types 
(unsupported and supported) of trunk holding tests have been evaluated in order to produce 
the same amplitude of the signal which is recorded from the lumbar paraspinal muscles during 
walking (Chapter 5). 
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The aim of this thesis is to determine the reliability and validity of the surface EMG to 
measure the functional status of the lumbar paraspinal muscles. The scope of this thesis was 
limited to an investigation of the pattern of muscle activity in the lumbar paraspinal muscles 
using surface EMG during two different assessments under static and dynamic conditions 
which may be adopted in a clinical practice setting. The pattern of muscle activity was 
evaluated only in a healthy population group.  
 
In this thesis the functional status of the lumbar paraspinal muscles has been evaluated by 
three components of the EMG signal including the amplitude, frequency, and timing of 
muscle activity. The normalised amplitude of the EMG signal is related to the level of 
exertion of muscle contraction relative to a reference muscle contraction (e.g. sub-maximum 
or maximum voluntary isometric muscle contraction) (Cram & Kasman, 1998b). The 
frequency components of the signal relate to motor unit recruitment strategies used by the 
central nervous system (CNS) during muscle contraction (Clancy, Farina, & Filligoi, 2004). 
The timing of muscle activity is related to motor control in specific movement and posture 
(Rainoldi, Casale, Hodges, & Jull, 2004). If these components of the signal can be reliably 
measured from the surface EMG in protocols that may be suitably used in clinical practice, 
then such protocols can be tested in a clinical population. The next step would be to determine 
whether these components (amplitude, frequency, and timing) of the surface EMG signal, 
recorded under the designed protocol, can discriminate between muscle activation patterns of 
healthy versus LBP groups. If successful, such a tool may be incorporated as a reliable 
biometric tool for chiropractic clinical practice. 
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1.4. Structure of the thesis 
This thesis consists of six chapters. The background of this thesis started with this 
introduction chapter (Page 1 – 14). This is followed by the next chapter reviewing literature 
relevant to this thesis.  
 
Chapter 2 (Page 15 – 72) provides a review of literature which is relevant to this thesis. It 
covers low back pain (LBP), the lumbar multifidus muscle, the usage of surface 
electromyography (EMG) to record low back activity. Surface EMG may be used to recorded 
activity of muscle contracting under different conditions (i.e. static or dynamic contraction). 
In the last section, the objectives of this thesis were introduced. 
 
Chapter 3 (Page 73 – 119) reports the results of investigating surface EMG recorded from the 
lumbar paraspinal muscles under static conditions. This experiment investigated the reliability 
and validity of the surface EMG to measure the muscle exertion during maintenance of static 
postures. The raw data was consistently contaminated by an electrocardiographic (ECG) 
artefact. Although the ECG artefact was removed by two different ECG cleaning techniques, 
the reliability of the cleaned data (only EMG signal) was still poor.  
 
Chapter 4 (Page 120 – 136) reported the results of investigating two different methods to 
obtain a maximum voluntary contraction (MVC) of paraspinal muscles in the thoracic and 
lumbar regions. One MVC technique produced a larger amplitude of the surface EMG of the 
lumbar paraspinal muscles than the other technique. 
 
Chapter 5 (Page 137 – 209) reports the results of investigating surface EMG recorded from  
paraspinal muscles under dynamic conditions. This experiment recorded the surface EMG 
signal from paraspinal muscles in the thoracic and lumbar regions during walking. Some of 
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the parameters which were used to characterise the pattern of paraspinal muscles during 
walking may be used for future studies.  
 
Chapter 6 (Page 210 – 218) summarises this thesis. The chapter includes the conclusion of 
this thesis and recommendations for future studies in this research area.  
 15 
 
 
 
 
 
 
 
 
 
Chapter 2 : 
Literature Review 
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2.1. Low back pain 
An acute episode of low back pain (LBP) usually resolves over a period of two to four weeks 
for 90% of patients, however the recurrence rate of an acute episode is high especially within 
the following 12 months (Hides et al., 1996). The mechanical response for the high recurrence 
rate of an acute episode of LBP is not currently well understood. One explanation offered is 
that the acute episode of LBP might be thought to be associated with segmental atrophy of the 
multifidus muscle. This atrophy of the lumbar spine causes the instability of the segmental 
joint (Hides et al., 1996). Therefore the risk of another acute episode of LBP may be increased 
under the segmental joint instability.  
 
The lumbar multifidus muscle (Figure 2 – 1) is the most medial of the major low back 
muscles (Macintosh et al., 1986) This muscle extends from L1 to S4 levels (Jemmett, 
MacDonald, & Agur, 2004). In a cadaver study (Macintosh et al., 1986), it was possible to 
distinguish five separate bands of the lumbar multifidus muscle with each band consisting of 
several fascicles.  
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Figure 2 – 1 : Anatomy of the multifidus muscle 
This figure is copied from Muscolino, J. E. (2005b). Muscles of the Trunk. In The muscular system 
manual : the skeletal muscles of the human body (2nd ed., pp. 235). St. Louis, Mo.: Elsevier Mosby. 
 
In the lumbar region, another major muscle is the lumbar erector spinae (Figure 2 – 2). This 
muscle lies next to the lumbar multifidus muscle. It arises from the posterior thoracic region 
to the sacrum and ilium and consists of two muscles including the iliocostalis lumborum and 
longissimus thoracis (Macintosh & Bogduk, 1987). 
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Figure 2 – 2 : Anatomy of the erector spinae 
This figure is copied from Muscolino, J. E. (2005a). Muscles of the Trunk. In The muscular system 
manual : the skeletal muscles of the human body (2nd ed., pp. 223). St. Louis, Mo.: Elsevier Mosby. 
 
2.1.1. Imaging study of the lumbar multifidus muscle 
In the past a number of studies have investigated the structural change of the lumbar 
multifidus muscle in LBP group using diagnostic tools such as computerized tomography 
(CT), and ultrasound image, and magnetic resonance imaging (MRI). 
 
Three studies determined the cross sectional area (CSA) of the lumbar paraspinal muscles by 
CT in patients with low back pain (LBP). Cooper et al. (1992) investigated the CSA of the 
lumbar paraspinal muscles in patient with chronic LBP. Patients were divided into two groups 
by the duration of symptom (less than or greater than 18 months) in this study. The ratio of 
the CSA between sides at the L4 vertebral level in the long duration group was significantly 
smaller than that of the short duration group. Stokes et. al. (1992) investigated the CSA of the 
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lumbar paraspinal muscles at the L4 vertebral level in patients who were suffering LBP with 
unilateral radicular pain. Patients were divided into two groups by the duration of LBP in a 
similar way to the study by Cooper et al. (1992). The long duration group (greater than 18 
months) had smaller dimensions of the multifidus muscle, erector spinae muscle, and whole 
muscle (including the multifidus muscle and erector spinae muscle) than that of the short 
duration group (less than 18 months) for both genders. When the CSA were compared 
between symptomatic and asymptomatic side each muscle, the CSA change was observed in 
the multifidus muscle for chronic duration group for both groups. However, for short duration 
group, the CSA change was observed in the multifidus muscle for only male group. Danneel 
et al. (2000) investigated the CSA of the lumbar paraspinal muscle to compare between the 
non-LBP and chronic LBP groups. Three transaxial images were taken including the upper 
end plate of the L3 vertebral level, the upper and lower end-plate of the L4 vertebral level. 
The CSA of the paraspinal and multifidus muscles in the LBP group was smaller than that of 
the non-LBP group at the lower end-plate of the L4 vertebral level.  
 
Ultrasound imaging study of the CSA has been done in humans (Hides et al., 1994) and in 
animal model (Hodges, Holm, Hansson, & Holm, 2006). Hides et al. (1994) investigated the 
CSA of the lumbar multifidus muscle in two population groups including acute episode of 
unilateral LBP and non-LBP groups. For the non-LBP group there was no difference between 
sides in the CSA of the lumbar multifidus muscle at all vertebral levels, but for the LBP group 
the CSA of the symptomatic side was significantly smaller than that of the asymptomatic side. 
Asymmetry of the CSA at the L5 vertebral level was significantly different for patients who 
had symptoms at the L5 vertebral level when compared with multilevel of CSA including L2 
to L5. Asymmetry of the CSA at the symptomatic level in the LBP group was significantly 
different from that of asymptomatic levels. This human study concluded that in patients with 
an acute episode of LBP, the CSA of the lumbar multifidus muscle was atrophied on the 
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symptomatic side and level. In a porcine study (Hodges et al., 2006), when the L3-L4 
intervertebral disc was lesioned, the CSA of the lumbar multifidus muscle on the injured side 
was smaller than that of the non-injured side at the L4 vertebral level. However, when the L3 
nerve was lesioned, the CSA of the lumbar multifidus muscle on the injured side was smaller 
than that of the non-injured side at three levels (L4, L5, and L6 vertebral levels). This result 
suggested that the lesioned nerve innervates the multiple levels. Therefore, when the nerve 
was lesioned, the denervation was considered to be at multiple levels. However, when the disc 
was lesioned as somatic structural change, reflex inhibition was caused. This inhibition 
resulted in reduce muscle activity. Therefore, this could become disuse of the muscle. 
Consequently, the muscle was atrophied. 
 
Four studies evaluated structural changes of the lumbar multifidus muscle using MRI in 
patients with low back pain (LBP). Kader et al. (2000) assessed the structural change of the 
lumbar multifidus muscle in a LBP group having had LBP with leg pain for a period of more 
than three month. Eighty percentages of these patients had atrophy of the lumbar multifidus 
muscle, and there was a significant correlation between the atrophy and leg pain. Mengiardi et 
al. (2006) investigated the fat content of paraspinal muscles between a chronic LBP and non-
LBP groups using MR spectroscopy. In this study, the chronic LBP group had a higher 
percentage of fat within the multifidus muscle when compared to that of the non-LBP group, 
but there was no difference in fat content of the longissimus muscle. The structural change in 
the lumbar multifidus muscle was caused by LBP. Two studies (Barker et al., 2004; Hyun et 
al., 2007) investigated the CSA of the lumbar multifidus muscle to compare between LBP 
and non LBP using MRI. Barker et al. (2004) investigated the CSA of the lumbar multifidus 
muscles in patients with unilateral LBP which included symptom on one side of the lower 
back, and referral to one lower limb. In this study, the CSA of the multifidus muscle was 
compared between three consecutive levels of the spine including the symptomatic level, and 
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one level higher and lower than this level. A reduction of the CSA was observed at 
consecutive levels. The study by Hyun et al. (2007) also found the similar results. In the study, 
for a LBP with radiculopathy group, ratio between symptom and symptom sides of the CSA 
of the lumbosacral multifidus muscle was significantly smaller than that of other groups 
including control, and LBP with disc herniation.  
 
The imaging studies for LBP group found three things. The structural change of the lumbar 
multifidus muscle was clearly observed on symptomatic side rather than asymptomatic side, 
and was related to the duration of symptom. Types of injury (disc, and nerve lesion) resulted 
in a structural change of the lumbar multifidus muscle at single level or multiple levels.    
 
2.1.2. Biopsy 
There were a number of biopsy studies which have also investigated internal structural 
changes in the lumbar multifidus muscle in people suffering from LBP (Mattila et al., 1986; 
Rantanen et al., 1993; Yoshihara et al., 2001; Zhao et al., 2000). One study by Hodges et 
al.(2006) investigated the lumbar multifidus muscle under experimental condition in an 
animal model.  
 
Mattila et al. (1986) investigated internal structural changes of the lumbar multifidus muscle 
in two population groups - healthy people without LBP and patients scheduled for surgery for 
disc herniation at the L4/5 or L5/S1 level, a muscle biopsy was performed. Although type ΙΙ 
(fast-twitch) muscle fibres were atrophied selectively in the lumbar multifidus muscle, only 
the type Ι (slow-twitch) muscle fibres revealed a changed in internal structure was observed. 
This core-target change resulted in a moth-eaten appearance. These changes were only 
observed in the patient group.  
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Rantanen et al. (1993) investigated the structure and morphometry of the lumbar multifidus 
muscle in patient with lumbar disc herniation for two different time periods (before surgery 
for disc herniation and five years after surgery). In this study, patients were divided into two 
groups by the outcome (positive and negative) of internal structural changes (moth-eaten and 
core-targetoid) at five years after disc-surgery. For both outcome groups the mean diameter of 
the type Ι muscle fibre (slow-twitch) of the lumbar multifidus muscle were increased, 
however, the mean diameter of the type II muscle fibre (fast-twitch) was increased for 
positive outcome group. After surgery for disc herniation, the internal structural changes for 
negative outcome group became more frequency, however, for positive group its frequency of 
the changes was reduced.   
 
A study by Zhao et al. (2000) investigated the histological change in the lumbar multifidus 
muscle in  patients suffering LBP with disc herniation. The type Ι (slow-twitch) and the type 
ΙΙ muscle fibres (fast-twitch) on the symptomatic side were smaller than that of the 
asymptomatic side in the CSA of the lumbar multifidus muscle. When patients were divided 
into three groups by the location of their LBP (central pain, unilateral pain, and bilateral pain), 
the type Ι muscle fibres (slow-twitch) on the symptomatic side was smaller than that of the 
asymptomatic side only those patients suffering central pain. The location of LBP with disc 
herniation is related to the atrophy of the type Ι muscle fibre (slow-twitch) in the lumbar 
multifidus muscle.  
 
Yoshihara et al. (2001) evaluated histochemical changes of the lumbar multifidus muscle in 
patients with L4/5 disc herniation, and L5 nerve root compression. A biopsy was taken from 
bands of the lumbar multifidus muscle for both asymptomatic and symptomatic sides at the 
L4 and L5 vertebral levels. There was a difference between L4 and L5 bands in internal 
structural changes. In the L4 band no change were observed. However, in the L5 band the 
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mean size of both muscle fibre types on the symptomatic side were smaller than that of the 
asymptomatic side. The percentage of type Ι muscle fibres on the symptomatic side was larger 
than that of the asymptomatic side in the L5 band. The rate of small angular fibres on the 
symptomatic side was higher than that of asymptomatic side in the L5 band. This study 
concluded that the atrophy of both muscle fibres and internal structural change in the lumbar 
multifidus muscle on the symptomatic side were caused by the nerve compression. However, 
it is not clear that this internal structural change of the lumbar multifidus muscle may not be 
caused by disc herniation in the human study.  
 
As previously discussed in a porcine study (Hodges et al., 2006), when the L3 –                                                                          
L4 intervertebral disc or L3 nerve was lesioned, the structural changes of the lumbar 
multifidus muscle were observed. Moreover, there were more extensive levels for the nerve 
lesion injury. The human study by Yoshihara et al. (2001) did recruited patients with the L4/5 
disc herniation, and L5 nerve root compression. This study by Hodges et al. (2006) 
investigated internal structural change to compare between two lesions at three levels 
bilaterally by histological and chemical analysis (clusters of adipocytes, water content, and 
concentration of lactate and muscle cell). For the ipsilateral side of the lesion clusters of 
adipocytes were enlarged at three levels for both lesion groups, however, for contralateral side 
of the lesion it was observed at the L4 and L5 levels only for only the nerve lesion. After L3 
nerve lesion water content was reduced only for the ipsilateral side of the lesion, however, 
after disc lesion it was reduced at all levels bilaterally. Although lactate concentration was 
reduced at three levels for both lesions, the reduction of lactate concentration on the ipsilateral 
side of the lesion was greater than that of the contralateral side of the lesion after the nerve 
lesion. Concentration of muscle cells were observed on the ipsilateral side of the lesion for 
both lesions, however on the contralateral side of the lesion it was observed after the nerve 
lesion. This study concluded that a type of the lesion was related to internal structural changes 
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of the lumbar multifidus muscle. Therefore, this study demonstrated internal structural 
changes of the lumbar multifidus muscle clearer than the study by Yoshihara et al. (2001).      
 
After LBP, the internal structural change of the type Ι muscle fibres was observed in the 
lumbar multifidus muscle by biopsy studies. Moreover the selective structural change of the 
lumbar multifidus muscle was related to the duration of symptom, location of pain, or type of 
injury. In order to define the type of injury, it is important to investigate at multiple levels 
bilaterally (symptomatic and asymptomatic sides). 
 
2.1.3. Does exercise decrease recurrent rate of the acute episode of LBP? 
One clinical study (Hides et al., 1996) investigated the recovery of the lumbar multifidus 
muscle in patients suffering from an acute episode of low back pain (LBP) with or without a 
specific rehabilitation program which designed specially to activate the lumbar multifidus 
muscle. In this study, after 10 weeks rehabilitation program, the difference between sides in 
the cross sectional area (CSA) of the lumbar multifidus muscle was reduced in patient with 
the acute episode of LBP. It is thought that these rehabilitation programs improve spinal 
stability by providing increased muscular support of the joint (Danneels, Vanderstraeten et al., 
2001). The recurrence rate of an acute episode of LBP in patients who have been given the 
specific exercise for the lumbar multifidus muscle decreased significantly to only 30 % at one 
year (Hides et al., 2001). This is because instability could be one important factor in the 
recurrence of an acute episode of LBP (Danneels et al., 2000), and a decrease in muscular 
forces will not only make the spine more unstable, but also will increase the chances for 
injury/degeneration of the spinal components (Goel, Kong, Han, Weinstein, & Gilbertson, 
1993).  
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According to these studies, when spinal instability was caused by the atrophy of the lumbar 
multifidus muscle, the exercise program which was designed to activate the lumbar multifidus 
muscle is important to reduce the recurrent rate of an acute episode of LBP.  
 
2.2.  Lumbar multifidus muscle 
This thesis investigated electrical signal associated with activation of the lumbar multifidus 
muscle under different conditions (static and dynamic conditions) using surface 
electromyography (EMG). The multifidus muscle generally spans the length of the spine. 
Although multifidus muscle consists of multiple fascicles, in the lumbar region the orientation 
of its muscle is less complex than others. This has important implication when the surface 
EMG signal recorded from the surface is interpreted.  
 
2.2.1. Orientation of the lumbar multifidus muscle 
The lumbar multifidus muscle consists of at least two layers. While the fascicles of the 
superficial multifidus fibres arise from the spinous processes of each lumbar vertebral level, 
the ones of the deepest multifidus muscle fibres arise from the vertebral lamina each level 
(Figure 2 – 3 A), and then insert into the mamillary process of the vertebra two levels lower 
(Macintosh et al., 1986). The insertion of the superficial multifidus muscle is unique for each 
vertebral level (Jemmett et al., 2004; Macintosh et al., 1986). The fascicles from the L1 
vertebral level (Figure 2 – 3 B) insert into three different areas including the mamillary 
process and lamina of the L4 vertebrae, the L4/5 zygapophysial joint, and the posterior 
superior iliac spine (PSIS). The fascicles from the L2 and L3 spinous processes (Figure 2 – 3 
C, and D) insert into the PSIS and the adjacent superior articular process of the S1 level. The 
fascicles from the L3, L4, and L5 spinous processes (Figure 2 – 3 E, and F) insert onto the 
posterior surface of the sacrum. Each superficial band overlaps the superficial band which 
arises from the spinous process of the vertebral level above.  
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Figure 2 – 3 : Component fascicles of the lumbar multifidus muscle 
This figure is copied from Bogduk, N., Chandraraj, S., & Twomey, L. T.(1997). The lumbar muscles 
and their fascia. In Clinical anatomy of the lumbar spine and sacrum (3rd ed., pp. 106). New York: 
Churchill Livingstone. 
 
The lumbar multifidus muscle was observed to be innervated by the medial branch of the 
lumbar dorsal rami unisegmentally in a cadaver dissection study (Bogduk, 1983; Bogduk, 
Wilson, & Tynan, 1982; Macintosh et al., 1986). When the individual medial paraspinal 
muscles were recorded by the needle EMG each segmental level for paraplegic patients (Wu, 
Kingery, Frazier, & Date, 1997), motor action potentials were observed at segmental level 
lower than level (T10-11) of complete spinal cord injury. When the bilateral L2-L5 multifidus 
muscle was recorded by needle EMG after percutaneous bilateral L3 medial branch 
neurotomy (Wu, Date, & Kingery, 2000), it was found that the L3 medial branch innervated 
the L3-4 multifidus muscle. In porcine study (Hodges et al., 2006), when the medial branch of 
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the dorsal ramus at the L3 vertebral level which is innervated the lumbar multifidus muscle 
was lesioned, the cross sectional area of the lumbar multifidus at injured side was smaller than 
normal side, and this was observed at three consecutive levels (L4, L5, and L6 vertebral 
levels). These studies suggest that the lumbar multifidus muscle could be polysegmentally 
innervated.   
 
2.2.2. Function of the lumbar multifidus muscle  
Skeletal muscle fibre can be divided into major two types including fast twitch and slow 
switch fibres. Slow switch fibres are called type Ι fibres, and fast twitch fibres are called type 
ΙΙ fibre. These fibres can also be distinguished by the activities of enzyme (Watras, 1998). 
Type Ι fibres (slow-twitch) reply on aerobic metabolism for muscle energy, however type ΙΙ 
fibres (fast-twitch) rely on anaerobic for energy (Apkon, 2003). Another difference is that the 
type Ι fibres (slow-twitch) are more fatigue resistant than type ΙΙ fibres (fast-twitch). Muscle 
which has a high proportion of the type Ι fibres is called a postural muscle, however muscle 
which has a high proportion of the type ΙΙ fibres is called a non posture muscle (Chleboun, 
2005). The lumbar multifidus muscle has more type Ι muscle fibres (slow-twitch) than type 
two muscles fibres (Bajek et al., 2000; Rantanen, Rissanen, & Kalimo, 1994). This suggests 
that the lumbar multifidus muscle is a fatigue resistant and postural muscle.  
 
The lumbar multifidus muscle has a greater tonic or stabilizing function rather than acting as a 
dynamic prime mover (Porterfield & DeRosa, 1991; Rantanen et al., 1994). Other studies 
(Macintosh & Bogduk, 1986; Valencia & Munro, 1985; Wilke, Wolf, Claes, Arand, & 
Wiesend, 1995) have suggested that the lumbar multifidus muscle is active as a primary 
stabiliser through the whole of range of spinal flexion (rotation in the sagittal plane) as well as 
rotation in the frontal plane.  
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There are at least two layers of the lumbar multifidus muscle. In other words, there is a 
different orientation between superficial and deep multifidus muscles. Two EMG studies 
showed that there is a different function between the superficial and deep multifidus muscle 
fibres. Moseley et al. (2002) investigated the muscle activity of the lumbar multifidus muscle 
using needle EMG during two different types of voluntary arm movement. In this study, the 
onset of the superficial and lateral multifidus muscle and erector spinae were dependent on 
the direction of the single movement of the upper limb. However, the deep multifidus muscle 
was independent of the single upper limb movement. During repetitive arm flexion/extension 
movements in the sagittal plane, the pattern of muscle activation was not changed by the two 
different positions of the arm where are located beside of the body and in front of the body in 
the superficial and lateral multifidus muscle and erector spine muscle. However, the pattern of 
muscle activation in the deep multifidus muscle was changed by arm positions during 
repetitive arm movements. When arm was located beside of the body, repetitive arm 
movements associated with two burst activities, however, when arm was located in front of 
the body, repetitive arm movements associated with one burst activity. Another study 
(Moseley, Hodges, & Gandevia, 2003) investigated the recruitment of the three components 
of the multifidus muscle including superficial, lateral, and deep fibres using needle EMG in 
response to two different perturbations to posture when the weight was released. One 
perturbation is under unpredictable condition when subjects had to hold the weight without 
warring and visual input. Another condition was predictable when subject to hold the weight 
with warning and visual input. In this study, the deep multifidus muscle fibres were activated 
earlier than other two fibres during predictable conditions however, under unpredictable 
conditions there was no different recruitment among three components of the multifidus 
muscle. This study demonstrated that the deep muscle fibres were ready to response to the 
perturbation when the timing of loading was predictable. 
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According to these EMG studies, a difference between the deep and superficial multifidus 
muscle fibres was found. The deep multifidus muscle fibres mainly work for more segmental 
control in order to response to the perturbation during dynamic movement. However, the 
lateral and superficial multifidus muscles were dependent on the dynamic movement. As a 
result, when the surface EMG signal is recorded in the lumbar region, it may be possible that 
the recorded signal is from the lateral and superficial multifidus muscles rather than the deep 
multifidus muscle.  
 
2.3. Electromyography (EMG) 
Electromyography (EMG) measures the electrical activity generated in the muscle fibres 
during a contraction (Merletti & Stegeman, 2004). This electrical activity is the depolarised 
zone of the muscle fibres (Farina, Merletti, & Stegeman, 2004). The EMG measurement 
generally consists of electrodes, amplifiers, filters, a display, and storage (Bischoff, Fuglsang-
Fredriksen, Vendelbo, & Sumner, 1999). 
 
2.3.1.  Different types of EMG recording 
There are three types of EMG recording including surface electrodes, fine wire electrode, and 
needle electrode. Each electrode is used for a different aspect to measure muscle activity, and 
has advantages and disadvantages.  
 
a) Surface electrodes 
Surface EMG is non invasive and simple to measure muscle activity from a large proportion 
of a muscle. It is used to study the gross function of muscle (Soderberg & Cook, 1984). 
During recording of dynamic movement electrodes may cause noise due to an unstable 
contact between the electrode and the skin. Therefore, the gel can be useful to improve the 
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electrical contact between the skin and the electrode to reduce electrode noise (Basmajian & 
De Luca, 1985a; Bottin & Rebecchi, 2002; Soderberg, 1992). When surface electrodes are 
used to measure muscle activity, the condition of the skin under the electrode is important to 
consider before recording commences. A high skin impedance is associated with non treated 
skin (Cram & Rommen, 1989). When skin impedance is high, the amplification process is 
affected by 50-cycles interference (Cram & Kasman, 1998b). Therefore, skin preparation is an 
important factor to consider in order to record a good quality of the surface EMG signal as 
Soderberg (1992) suggested. Skin preparation consists of several steps including shaving of 
skin, removal of oil with alcohol (Basmajian & De Luca, 1985a; Cram & Kasman, 1998b; 
Gerdle, Karlsson, Day, & Djupsjobacka, 1999; Gilmore & Meyers, 1983).  
 
Electrode placement is also important factor to consider before recording commences. Bipolar 
surface electrodes should be placed between the zone of the motor point and the tendon, and 
parallel to the orientation of the muscle fibres (Gerdle, et al., 1999).  Otherwise, it is possible 
to record the signal from a different muscle. Therefore, in order to record the superficial 
lumbar multifidus muscle, this thesis used the anatomical landmarks to ensure its orientation 
which was suggested by De Foa et al. (1989).      
 
One disadvantage of surface EMG is crosstalk. Crosstalk occurs when the detected signal is 
generated not only by one muscle under the surface electrode but by another muscle which is 
close to the muscle under the surface electrode (Merletti & Stegeman, 2004). In other words, 
it is difficult to discriminate the muscle source of the recorded EMG signal (Soderberg, 1992).  
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b) Needle EMG  
Needle EMG is used to study motor unit action potential characteristics during muscle 
contraction or resting (Tronteli, Jabre, & Mihelin, 2004). One disadvantage is that pain is 
caused when the needle electrode is inserted into a muscle (Basmajian & De Luca, 1985a), or 
pain may also occur during muscle contraction. This recording is used to diagnose a central 
nerve system (CNS) dysfunction instead of assaulting directly to the CNS (De Luca & Adam, 
1999).  
 
c) Fine wire EMG 
Fine wire EMG is used to study activity generated by deep muscles rather than superficial 
muscles or motor unit properties without anesthesia (Basmajian & De Luca, 1985a) and can 
measure a more specific area of the muscle than the surface electrode (Soderberg & Knutson, 
2000). Ultrasound imaging is used to define proper electrode placement to insert the wire 
(Moseley et al., 2002). The disadvantage of this method is less reliability between recording 
days than the surface EMG and that the area sampled by the electrodes is smaller than surface 
EMG (Soderberg & Cook, 1984).   
 
2.3.2. Amplifier and filtering of the EMG signal 
The detected signal is amplified, filtered, and then converted to a digital value (Bischoff et al., 
1999). Filtering setting is important to record a good quality of the surface EMG signal before 
recording. It may have high risk to distort the EMG signal, therefore, filtering setting must be 
considered each EMG experiment. During recording filtering has three major functions 
including 1) noise reduction (Bischoff et al., 1999; Cram & Kasman, 1998b; Fridlund & 
Cacioppo, 1986), 2) decrease the artefact (Bischoff et al., 1999; Cram & Kasman, 1998b; 
Fridlund & Cacioppo, 1986), 3) reducing inter-site crosstalk (Fridlund & Cacioppo, 1986).  
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2.3.3. Electrical noise and factors affecting the EMG signal 
It is important to understand the electrical noise and factors which affect the EMG signal 
(Reaz, Hussain, & Mohd-Yasin, 2006). Therefore, investigators must verify whether the EMG 
signal is contaminated by noise or artefact (Cram & Rommen, 1989). There are a number of 
noise and artefact sources including electrode noise, electrical interference, motion artefact, 
and electrocardiographic (ECG) artefact.  
 
a) Electrode noise 
Electrode noise is caused by high skin impedance and poor connection between skin and 
electrode (Basmajian & De Luca, 1985a). As previously discussed, skin cleaning is one of 
important factors to reduce skin impedance. In order to improve the connection between skin 
and electrode, the gel can be useful.  
 
b) Motion artefact 
Motion artefact is observed as a direct current (DC) shift and appears as massive deflections 
on the raw EMG signal (Cram & Kasman, 1998b; Gilmore & Meyers, 1983). Motion artefact 
is usually caused by cable or electrode movement (Reaz et al., 2006). A cable motion artefact 
occurs when unshielded cables are moved (Clancy, Morin, & Merletti, 2002). Cram et al. 
(1998b) suggests that taping may be used to reduce movement of leads which may reduce 
movement artefact from the source. Electrode motion is associated with the space between the 
electrode and the skin, which occurs during non static movement (Basmajian & De Luca, 
1985a).  
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c) Electrical interference 
Electrical interference is defined as 50 or 60 Hz electrical noise from power line and electrical 
devices which operate on line current, radio signals, television signals, and communications 
signals. It can be minimised by the notch filter. Motion and ECG artefacts must be considered 
during recording.    
 
d) Electrocardiographic artefact 
The surface EMG signal is contaminated by an electrocardiographic (ECG) artefact when the 
signal is recorded from the trunk muscles (Allison, 2003; Butler et al., 2007; Drake & 
Callaghan, 2006; Hu et al., 2007; Kuriyama & Ito, 2005; Marque et al., 2005; Mathieu & 
Fortin, 2000; Panagiotacopulos et al., 1998; Zhou et al., 2007). When the level of muscle 
contraction is low, the ECG artefact appears periodically on the raw signal. The artefact is a 
larger amplitude than that of the EMG signal (Butler et al., 2007; Drake & Callaghan, 2006; 
Hu et al., 2007; Kuriyama & Ito, 2005).  
 
The ECG signal is a large dipole. It is possible to record the ECG signal from electrodes 
placed on the torso, and it is more obvious on the left side of the body (Cram & Kasman, 
1998b). Moreover, Cram and Kasman (1998b) stated that The ECG artefact is commonly 
observed on the left side when the surface EMG signal is recorded from erector spinae at the 
L3 vertebral level At rest normal heart rate is around 70 beats per minute around in normal 
adults (Levy, 2004). Therefore, for one second recording of the EMG signal, at least one ECG 
artefact can be observed. However, the frequency of the ECG artefact is dependent on 
individual. As a result, the number of the ECG artefacts may be different between subjects on 
the raw signal when the signal is recorded for a long period. When the contaminated signal 
(the EMG signal + the ECG artefact) is analysed, the amplitude of its signal is higher than the 
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uncontaminated signal (only EMG signal), and the frequency of the signal is lower than the 
uncontaminated signal. Consequently, visual inspection for the ECG artefact is important 
before signal processing. When the surface EMG signal is contaminated by the ECG artefact, 
it is necessary to remove it from the raw EMG signal.  
 
2.3.4. Signal processing 
When muscle activity is recorded using surface EMG, the raw signal is represented by a time / 
voltage records. The EMG signal oscillates around zero. The raw EMG signal is complex to 
understand. This complex signal has to be converted to a form of information in order to be 
easier to interpret it, and also compare between individuals. This conversion process is called 
signal processing. Another purpose of signal processing is to remove unwanted components 
(including ECG artefact) of the recorded signal (Bruce, 2001). Before signal processing, it is 
important to monitor the raw EMG signal in order to ensure that the signal is of good quality 
(Cram & Rommen, 1989; Gerleman & Cook, 1992). This is because it is difficult to define 
whether the EMG signal contains any noise or artefacts after processing. In this thesis, signal 
processing is used to evaluate three components of the surface EMG signal including the 
amplitude, frequency, and timing. Each component is an indication of muscle activity.  
 
a) Amplitude of the signal 
The amplitude of the signal is an indication of the level of exertion of muscle contraction 
when the muscle contracts isometrically. The EMG signal oscillates around zero. When the 
mean amplitude of the entire raw signal is computed, its value should be zero when the signal 
is not offset from zero voltage (Robertson, Caldwell, Hamill, Kamen, & Whittlesey, 2004). 
There are different methods used to calculate the amplitude of the EMG signal. One common 
measurement technique to quantify the amplitude is the root mean square (RMS). This is 
because the raw signal oscillates in both positive and negative directions around zero voltage. 
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Therefore, in order to obtain a measure of the amplitude of the waveform, the EMG signal 
( )(tm ) is first squared, and then all values of the squared EMG signals are summed 
( ∫
+Tt
t
dttm )(2 ). After that, the sum of the squares is taken the square root (
2/1
2 )(



∫
+Tt
t
dttm ). 
Finally the sum is divided by the number ( T ) of observation in order to get the mean 
amplitude value of the sampled signals (2 – 1) 
• { } 2/12 )(/1)(

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== ∫
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t
dttmTtmRMS  --- (2 – 1) (Cram & Kasman, 1998b) 
)(tm  is the surface EMG signal, T  is a size of window.  
 
The RMS value provides an indication of the number of active motor units and their firing 
rates (Farina et al., 2004). However, normalisation of the recorded signal is required in order 
to compare between subjects or muscles. It is also required if the signal of the same subject is 
recorded at two different instances. This is because the amplitude of the EMG signal is 
influenced by factors including the proportion of subcutaneous fat tissue (Farina & Rainoldi, 
1999), skin preparation and inter-electrode distance (Beck et al., 2005). A common 
normalisation method uses the maximum voluntary isometric muscle contraction (MVC) as a 
reference contraction. This RMS value is normalised to the MVC as a percentage of the MVC 
(%MVC). This %MVC can be defined as the level of exertion of the muscle or an estimate of 
the relative effort relative to the MVC (Hogrel, 2005). Another normalisation is the sub-
maximum voluntary isometric muscle contraction (sub-MVC) which is used as a reference 
contraction. The amplitude of the sub-MVC is normally less than that of the MVC. Therefore, 
in some cases, when the amplitude is normalised relative to the sub-MVC, normalised values 
(%sub-MVC) is greater 100%. The MVC is more reliable measurement than the sub-MVC 
(Dankaerts et al., 2004). However, the MVC can be influenced by psychological factors 
including motivation (Dankaerts et al., 2004; Seghers & Spaepen, 2004). Therefore, when 
people have had low back pain, it could be more difficult to measure the MVC due to fear of 
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contracting low back muscles. Therefore, this MVC measurement may be problematic for 
patient group. Cram (1998a) suggested that for patient group the sub-MVC can be used with a 
dynamometer. 
   
b) Frequency analysis 
The frequency is an indication of motor unit recruitment strategies which are used by the 
central nervous system (CNS) during muscle contraction (Clancy et al., 2004). The frequency 
of the EMG signal is also affected by the size of electrodes, and the distance between 
electrodes, and the distance between active muscle fibres and the electrodes (Gerleman & 
Cook, 1992). In order to obtain a frequency spectrum, the signal is transformed from the time 
domain to the frequency domain (Gerleman & Cook, 1992). There are a number of methods 
that are used to extract frequency components of the surface EMG signal. One common 
mathematic method is fast fourier transform (FFT) which gives the power density spectrum of 
the entire signal (Basmajian & De Luca, 1985b). This technique can be used while the signal 
is stationary (Enderle et al., 2000). A stationary signal is defined when the signal remains 
constant in time. However, the surface EMG signal varies in time under circumstances 
including muscle fatigue or length change of the muscle (Devasahayam, 2000). The short time 
fourier transform (STFT) is more appropriate method to carry out fourier transform for a short 
time of the EMG signal which is assumed to be stationary (Enderle et al., 2000; Zazula et al., 
2004). Therefore, it is important to identify a stationary segment of the surface EMG signal 
for frequency analysis (Enderle et al., 2000). 
 
In frequency domain analysis, two parameters are commonly calculated including the mean 
and median frequencies. Mean frequency is the average frequency of the power density 
spectrum (2 – 2). Median frequency is the median point of the power spectrum (2 – 3). The 
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latter is less sensitive to noise than the mean frequency (Stulen & De Luca, 1981), therefore, 
median frequency is a more ideal parameter for frequency domain analysis. 
• Mean Frequency = 
∫
∫
2
0
2
0
)(
)(
s
s
f
f
dffS
dfffS
 --- (2 – 2) (Clancy et al., 2004) 
)( fS  is the power spectrum density of the signal.  sf  is the sampling frequency. 
 
• ∫∫ =
2
00
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sp ff
dffSpdffS , 0 < p < 1 --- (2 – 3) (Clancy et al., 2004) 
When p is 0.5, this equation defines the median frequency of the signal. 
 
For frequency domain analysis is used to investigate muscle endurance during an isometric 
voluntary muscle contraction (Mannion, Connolly, Wood, & Dolan, 1997; Ng et al., 1997; 
Sung, 2003). In these studies, the slope of the frequency was used to compare between the 
initial and end of EMG recording in order to determine the presume of muscle fatigue during 
the recording period.  
 
Muscle fatigue is defined as a failure to maintain the required or expected force or power 
output (Fox, 2007; Nadel, 2003). It is divided into two origins including central fatigue, and 
peripheral fatigue. Central fatigue is defined as fatigue occurring within the central nervous 
system (CNS) including psychological factors (Maclntosh, Gardiner, & McComas, 2006). 
Peripheral fatigue is defined as fatigue that occurs at the periphery due to the failure of 
neuromuscular transmission which is the reduction of acetylcholine from the nerve, inhibition 
of motor neuron firing when the muscle is kept ischemic (Brown, Miller, & Eason, 2006b), 
and substrate depletion (Fox, 2007; Lieber, 2002a). 
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Figure 2 – 4 : Energy cost of sustaining to fatigue isometric contraction in normal subjects 
This figure is copied from Edwards, R. H. T. (1981). Human muscle function and fatigue. In R. Porter 
& J. Whelan (Eds.), Human muscle fatigue : physiological mechanisms Ciba Foundation symposium 
82 (pp. 1-18). London: Pitman Medical. 
 
Muscle fatigue is dependent on the force of muscle contraction. This is because there is a 
proportion between force of muscle contraction and adenosine triphoshate (ATP) turnover 
under isometric muscle contraction (Edwards, 1981) (Figure 2 – 4). During isometric 
contraction slow twitch motor units are firstly recruited rather than fast twitch motor unit 
(Edgerton, Roy, Bodine, & Sacks, 1983). This is called the size principle of motor unit 
recruitment. Slow twitch motor units require less ATP than fast twitch motor units (Latash, 
2008). Therefore during a low force of isometric muscle contraction, the duration of muscle 
contraction before fatigue is longer. As ATP levels decrease, firstly fast twitch motor units 
which innervate large fibres become inactive due to a lack of the required amount of ATP or 
recruited motor unit. At this point, the muscle can not maintain the required force of 
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contraction contracting which require the largest amount of ATP become inactive. Therefore, 
the lack of energy supply associates with muscle fatigue. 
 
When muscle fatigue occurs, the frequency of the EMG signal starts getting lower. This 
change is called “frequency shift” (De Luca, 1984). The slope method is used to define this 
shift. Mannion and Dolan (1994) used a liner regression analysis in order calculate the slope 
of the frequency. When the slope of the frequency is negative, this is evident that the 
frequency is shifted during the EMG recording. In order to compare between two different 
muscles, the study by Ng et al. (1997) normalised the frequency relative to initial frequency, 
and then used the same procedure by Mannion and Dolan (1994). The initial frequency is 
associated with the mean size of recruited motor units (Mannion & Dolan, 1996). Therefore, 
when frequency shit is observed, the distribution of recruited motor units could be changed. 
This is because firstly the most fatigable active motor units which require the most energy 
will be inactive. 
 
Two studies (Mannion et al., 1997; Mohseni-Bandpei & Watson, 2001) examined reliability 
of the slope of the frequency when the EMG signal was recorded from low back muscles in a 
healthy population. The study by Mannion et al. (1997) investigated the reliability of the slope 
between days when surface the EMG signal was recorded from low back muscles during two 
different muscle contraction. In this study, 60% of the MVC in bending position and Biering-
Sorenson test were used. There was no difference between two different contractions in the 
reliability between endurance time and the slope of the frequency. The study by Mohseni-
Bandpei and Watson (2001) investigated the reliability of the slope within a day and between 
days when the surface EMG signal was recorded from low back muscles during the 
unsupported trunk holding test (Biering-Sorenson test). This study found the reliability of the 
slope within a day and between days was good (ICC > 0.75). The slope method can be used 
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during submaximum voluntary muscle contraction (sub-MVC) when the EMG signal is 
recorded from low back muscles. Two studies used the slope of the frequency as the 
functional status of the lumbar muscles before and after exercise for chronic low back pain 
group (Roy, De Luca, Emley, & Buijs, 1995; Sung, 2003).   
 
c) Timing of muscle activity 
Timing of muscle activity has been used to evaluate motor control of the trunk muscles 
(Rainoldi et al., 2004). In the normal population group, the spinal stabilization system 
provides sufficient stability to the spine. It occurs by muscle tension during changes of static 
and dynamic conditions (Panjabi, 1992). In order to evaluate timing of muscle activity, three 
points of muscle activity were observed during certain movement in past studies including 
onset (Dofferhof & Vink, 1985; Leinonen et al., 2001; Moseley et al., 2002, 2003; Vogt et al., 
2003), peak (Cresswell, 1993) and offset points (Dofferhof & Vink, 1985; Radebold, 
Cholewicki, Panjabi, & Patel, 2000; Vogt et al., 2003). The onset point of muscle activity is 
defined as time when the muscle starts contracting. The peak point of muscle activity is 
defined as the highest amplitude of the EMG signal during muscle activity. The offset point of 
muscle activity is defined as time when muscle stops contracting.  
 
Several studies investigated the timing of muscle activity during voluntary arm movements, 
sudden trunk movement (Radebold et al., 2000), sudden loading response (Leinonen et al., 
2001; Moseley et al., 2002, 2003), or walking (Dofferhof & Vink, 1985; Vogt et al., 2003). It 
was also used to discriminate between two population groups including healthy and low back 
pain group during walking (Vogt et al., 2003), the lower limb movement, or sudden trunk 
movement (Radebold et al., 2000). These studies found that chronic low back pain was 
associated with delay activation time of muscle activity under the specific movement.  
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2.4. EMG signal  recording of muscle contraction 
When muscle activity is recorded using surface EMG, it is important to define type of muscle 
contraction that is occurring. This is because the surface EMG signal is influenced by the type 
of muscle contraction. Muscle contraction can be broadly divided into two types including 
static and dynamic contraction. In this section, each type of muscle contraction and how each 
muscle contraction influences the EMG signal will be discussed. 
 
2.4.1. Muscle contraction under static conditions 
Muscle contraction under static conditions is defined as a muscle contraction where the length 
of the muscle remains constant. When the length of muscle remains constant during muscle 
contraction, the force developed by the muscle is equal to the resistance imposed by the load 
(Knudson, 2007; Levangie, Norkin, Webb, & Martorella, 2005). This is called an isometric 
contraction. For example, the bicep brachii muscle must keep the same elbow joint angle. In 
this case, the force generated by the biceps brachii muscle is equal to the weight. Normally 
this type of muscle contraction occur for supporting static postures such as standing or 
unsupported sitting (Cram & Kasman, 1998a).  
 
During an isometric muscle contraction, the relationship between muscle tension and length is 
important to understand. The amount of the muscle tension that is generated is influenced by 
the muscle length. This is related to the number of attached cross-bridge (Brown et al., 2006b). 
At the shortest muscle length cross-bridge attachment is minimal and there is no muscle. 
Therefore, the muscle is unable to generate significant force (Levangie et al., 2005). As 
muscle length increases towards optimal length, the active muscle tension increases. At this 
length, there is optimal myofilament overlap, muscle active tension remains constant, and the 
maximum numbers of the cross-bridges are formed. As a result muscle can exert its maximum 
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force (Hamilton, Weimar, & Luttgens, 2008). As the muscle lengthens from optimal length, 
active tension decreases as well as the number of attached cross-bridge. However, during 
muscle stretching, passive tension increases (Brinckmann, Frobin, & Leivseth, 2002). 
Therefore, total muscle tension continues to increase from the optimal length (Figure 2 – 5).  
 
 
Figure 2 – 5 : Length – Tension relationship 
This figure is copied from Chleboun, G. (2005). Chapter 3 : Muscle Structure and Function. In P. K. 
Levangie & C. C. Norkin (Eds.), Joint structure and function : a comprehensive analysis (4th ed., pp. 
113-139). Philadelphia, PA: F.A. Davis Company. 
 
Motor unit recruitment during an isometric contraction follows a characteristic pattern (Brown 
et al., 2006b; Lieber, 2002b). This order of motor unit recruitment holds true for motor 
concentric contraction. At a low level of muscle contraction, firstly the small motor units 
which innervate the slow twitch muscle fibres (Type Ι fibre) are recruited, then a s muscle 
force increases the motor units which innervate the fast twitch muscle fibres (Type ΙΙA fibre) 
are recruited. Finally, the large motor units which innervate the fatigable fast twitch muscle 
fibres (Type ΙΙB fibre) are recruited. However, the relationship between force and motor unit 
recruitment is not linear. There are three slopes between force and motor unit recruitment 
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during a voluntary effort of muscle contraction (Edgerton et al., 1983). During voluntary 
muscle contraction, this slope is slight while the small motor units are recruited. However, as 
larger motor units are recruited, this slope becomes sharp (Figure 2 – 6). This suggests that 
the large motor unit had the most impact to the level of the force. Consequently, the level of 
force is dependent on which type of muscle fibre is recruited.   
 
 
Figure 2 – 6 : Fraction of motor pool recruited (%) 
This figure is copied from Edgerton, V. R., Roy, R. R., Bodine, S. C., & Sacks, R. D. (1983). The 
matching of neuronal and muscular physiology. In K. T. Borer, D. W. Edington & T. P. White (Eds.), 
Frontiers of Exercise Biology Champaign, ill: Human Kinetics. 
 
Several studies (Del Santo, Gelli, Ginanneschi, Popa, & Rossi, 2007; Lawrence & De Luca, 
1983; Milner-Brown & Stein, 1975; Solomonow, Baratta, Shoji, & D'Ambrosia, 1990; Woods 
& Bigland-Ritchie, 1983) have investigated the relationship between the amplitude of the 
EMG signal and force of muscle contraction. A study by Milner-Brown & Stein (1975) 
investigated the mean rectified surface EMG signal recorded from the first dorsal interosseus 
muscle during isometric muscle contraction. At low force level, the relationship between the 
mean rectified EMG signal and force was linear, in contrast, at a high force level this 
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relationship became non linear. Lawrence et al. (1983) investigated whether there was a linear 
relationship between the normalised amplitude of the signal and the normalised force in three 
different muscles including biceps brachii, deltoid, and the first dorsal interosseous muscles 
during an isometric contraction using polynomial regression. There was a quasi-linear 
relationship, which was defined to have a nearly proportional relationship, between 
normalised force and amplitude of the signal recorded from only the first dorsal interosseous 
muscle. However, there was no linear relationship in biceps brachii, and deltoid. During EMG 
recording of these voluntary contractions, the size of the signal generated increased with the 
level of muscle contraction in all muscles. There was a different curve between the 
normalised amplitude and normalised force among three different muscles. At the low force 
of muscle contraction the curve of the normalised amplitude and force was slight for all 
muscles, but this curve became steeper as the normalised force increased. Another study 
(Woods & Bigland-Ritchie, 1983) also investigated the relationship between force and 
amplitude of the signal during isometric contraction in four different muscles including the 
adductor pollicis, soleus, biceps brachii, and triceps brachii muscles using surface EMG. The 
amplitude of the signal was normalised relative to the maximum voluntary muscle contraction 
(MVC). The adductor pollicis, and soleus muscles had a linear relationship between force and 
normalised amplitude during voluntary contraction. At a low level of muscle contraction 
(30% of the MVC), the biceps brachii and triceps brachii muscles did not demonstrated a 
linear relationship between force and normalised amplitude, but as force increases, curve 
between force and normalised amplitude of the signal became linear.  
 
The animal study by Solomonow et al. (1990) investigated the relationship between force and 
the amplitude of the EMG signal recorded from gastrocnemius muscle of the cat. The 
electrical stimulation was used to recruit motor unit orderly in this study. When 0–50% of 
force was generated by motor unit recruitment, the relationship between force and the EMG 
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signal was linear. However, when 50–100% of force was generated by motor unit recruitment, 
the relationship was non-linear. Therefore this study suggested that the relationship between 
force and the EMG signal is dependent on motor unit recruitment.  
 
A study by Del Santo et al. (2007) investigated the relationship between the amplitude of the 
surface EMG signal and isometric muscle force in the abductor digiti minimi muscle in two 
different shoulder positions including 30 degrees adduction and 30 degrees abduction on the 
horizontal position. This study found that the relationship between the amplitude of the 
surface EMG signal and force was linear in both positions.   
 
Two studies (Bazzy, Korten, & Haddad, 1986; Inbar, Allin, & Kranz, 1987) examined the 
frequency of the EMG signal during isometric muscle contractions at different muscle lengths. 
The study by Bazzy et al. (1986) investigated the frequency of the signal recorded during an 
isometric muscle contraction of the biceps brachii muscle at two different angles of the elbow 
joint (45 and 135 degrees) with load. Joint angle is relative to the muscle length. The centroid 
frequency of the power spectrum of the EMG signal was compared between two different 
angles. The isometric muscle contraction at 45 degrees elbow flexion had a larger centroid 
frequency than that at 135 degrees. This study suggested that the muscle length is an 
important consideration when the frequency of the EMG signal is analysed during an 
isometric muscle contraction. The study by Inbar et al. (1987) investigated the median 
frequency of the EMG signal recorded from the biceps brachii muscle and extensor digitorum 
muscles under constant force contraction at the different angles of the elbow joint. This study 
found that median frequency varied with the different joint angles for each muscle. As in the 
Bazzy et al. (1986) study, median frequency was higher at the short muscle length compared 
to when muscle length was increased for both muscles that were studied.  
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According to the studies which investigated the EMG signal recording of muscle contraction 
under static conditions, the linear or non-linear relationship between force and the normalised 
amplitude of the signal is dependent on the motor unit recruitment, or the size of the 
muscle(Del Santo et al., 2007; Lawrence & De Luca, 1983; Milner-Brown & Stein, 1975; 
Solomonow et al., 1990; Woods & Bigland-Ritchie, 1983), frequency the signal is influenced 
by muscle length (Bazzy et al., 1986; Inbar et al., 1987) . 
 
2.4.2. Muscle contraction under dynamic conditions 
Muscle contraction under dynamic conditions is defined as muscle contraction while muscle 
length changes. Dynamic muscle contractions can be divided into four types including 
concentric, eccentric, isotonic, and isokinetic muscle contractions. 
 
The muscle shortens during activity that is concentric muscle contraction as it opposes a force 
which it lifts a load (Knudson, 2007; Levangie et al., 2005). For example, if the elbow joint 
flexes to a load, the biceps brachii muscles are acted upon by an external load that the muscle 
lengthen while it is active. An eccentric contraction is defined as the force generated by the 
muscle is less sufficient resistance to support joint movement during lengthening (Knudson, 
2007; Levangie et al., 2005). For example, when the elbow flexes against a resistance force, 
the biceps muscle shortens. When the force is generated by the muscle contraction remains 
constant and the muscle contraction has shorten of the muscle, this contraction is called an 
isotonic muscle contraction (Guyton & Hall, 2005; Marieb, 1998). When the velocity remains 
constant during a maximum muscle effort, it is called an isokinetic muscle contraction 
(Hamilton et al., 2008).  
 
The maximum force of the muscle is generated not only by the muscle length, but also the 
velocity of contraction. There is a relationship between the muscle force and velocity at zero 
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force, the velocity of shortening is maximum. However, as shortening velocity decreases, the 
force which muscle generates increases (Knudson, 2007; Levangie et al., 2005) (Figure 2 – 7). 
Therefore, there is an inverse relationship between force and the velocity of muscle 
contraction.  
 
 
Figure  2 –7 : Force – Velocity relationship 
This figure is copied from Chleboun, G. (2005). Chapter 3 : Muscle Structure and Function. In P. K. 
Levangie & C. C. Norkin (Eds.), Joint structure and function : a comprehensive analysis (4th ed., pp. 
113-139). Philadelphia, PA: F.A. Davis Company. 
 
The amplitude and frequency of the surface EMG signal is influenced by the different types of 
muscle contraction and the condition of the muscle during the contraction including the 
degree of muscle force, muscle length, and whether the muscle is contracting concentrically 
or eccentrically. It is important to understand how these factors affect the EMG signal.   
  
There are several studies (Mchugh et al., 2002; Nakazawa et al., 1993; Potvin, 1997) which 
investigated how changing the muscle length affects the EMG signal recorded in different 
muscles. The study by Nakazawa et al. (1993) investigated the surface EMG recording of 
elbow flexor muscles including the biceps brachii, and brachioradialis muscles during three 
                                                                                                                                      Chapter 2 : Literature review 
48 
types of muscle contraction (isometric, concentric, and eccentric contraction). The signal was 
analysed with respect to the mean amplitude and mean frequency. There were three main 
findings. During an isometric contraction, the ratio between two muscles in the mean EMG 
signal varied between two different elbow angles (10 and 90 degrees) for isometric muscle 
contraction with respect to the mean amplitude. This study compared between two different 
muscle contractions (concentric and eccentric muscle contractions) using the ratio between 
two muscles in three different range of elbow joint angle including 0 – 30, 30 – 60, and 60 – 
90 degrees. A concentric muscle contraction had a larger ratio (biceps brachii / the 
brachioradialis) than that of eccentric muscle contraction at two ranges of elbow joint angle (0 
– 30, and 30 – 60 degrees) with respect to the mean amplitude. When mean frequency was 
used to compare between two angles of elbow joint angle (0 – 45 and 45 – 90 degrees), 
concentric muscle contraction had higher mean frequency than that of eccentric muscle 
contraction for both ranges in the biceps brachii muscle. However, for brachioradialis muscle, 
concentric muscle contraction had higher mean frequency than that of eccentric muscle 
contraction at 45 – 90 degrees.  
 
Potvin (1997) investigated the surface EMG recorded from the biceps brachii during a 
repetitive elbow flexion / extension task with load. The EMG signal was analysed in 
concentric and eccentric muscle contractions at seven different angles of elbow joint. This 
study found that the concentric contraction had a higher amplitude of the surface EMG signal 
than that of eccentric contraction, and the mean frequency was lowest when the muscle length 
was shortest. Concentric and eccentric muscle contraction varied in amplitude and mean 
frequency of the EMG signal each angle of elbow joint.  
 
Mchugh et al. (2002) investigated the amplitude and frequency of the EMG signal during 
knee flexion at three different muscle contractions including concentric, eccentric, and 
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isometric contraction. This study found that higher frequency for eccentric contraction was 
higher than concentric contraction, and the torque was significant lower than other 
contractions.  
 
These studies (Mchugh et al., 2002; Nakazawa et al., 1993; Potvin, 1997) suggested that the 
amplitude and frequency of the EMG signal changes during muscle contraction under 
dynamic conditions. These changes are caused by the muscle length and type of muscle 
contraction (concentric and eccentric muscle contractions).  
 
Two studies (Hubley-Kozey & Earl, 2000; Miller, Croce, & Hutchins, 2000) investigated the 
EMG signal during isokinetic muscle contractions at different angular velocities. The study 
by Hubley and Earl (2000) investigated the amplitude of the surface signal recorded from six 
muscles including the upper, and lower tibialis anterior muscles, the lateral and medial 
gastrocnemius muscles, and the lateral and medial soleus muscles during maximal isokinetic 
dorsiflexion at three different angular velocities (30, 90 and 150 degrees per second). The 
amplitude of the EMG signal was normalised relative to the MVC. This study divided six 
muscles into two groups by the agonist or the antagonist of dorsiflexion. The amplitude of the 
signal recorded from the tibialis anterior muscles was increased by increasing of angular 
velocity, however, the amplitude of the signal was not influenced by four different angular 
velocities (60, 180, and 300 degrees per second) in gastrocnemius muscles, and soleus 
muscles as antagonist. The study by Miller and Croce and Hutchins (2000) investigated the 
surface EMG signal recorded from the vastus medialis, vastus lateralis, medial hamstring, and 
biceps femoris during isokinetic knee extension and flexion movement at three different 
angular velocities. Although three different angular velocities did not affect the amplitude of 
the signal in vastus medialis, vastus lateralis, and medial hamstrings, only the fastest velocity 
(300 degrees per second) had an effect on the amplitude of the signal recorded from only the 
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biceps femoris muscle.  However for median frequency, the lowest velocity (60 degrees per 
second) had an effect on the median hamstrings muscle, and there was a difference in median 
frequency between 180 and 300 degrees per second for biceps femoris. These studies 
suggested that the amplitude and frequency of the signal increase with angular velocity of 
muscle contraction during isokinetic muscle contraction. However, these changes depend on 
whether the muscle works as the agonist or the antagonist, and speed of angular velocity.  
   
A study (Remaud, Cornu, & Guével, 2007) investigated the surface EMG signal recorded 
from the vastus lateralis, vastus medialis, rectus femoris, semitendinosus, and biceps femoris 
muscles during isokinetic and isotonic knee extensions at five different angles of the knee 
joint (45, 55, 65, 75, and 85 degrees). During isokinetic and isotonic contraction, the muscles 
were divided into two groups including the agonist and antagonist in this study. The 
amplitude of the signal was normalised relative to the MVC. Quadriceps muscle during an 
isotonic muscle contraction had a greater normalised amplitude of the EMG signal than that 
of isokinetic muscle contraction for agonist and antagonist muscle groups. Then, in this study 
quadriceps muscle activity was compared between knee joint angles for each muscle group. 
For agonist group, when the knee joint angle was the smallest, the normalised amplitude was 
smaller than that of other angles. For antagonist muscle group, when the knee joint angle was 
the largest, the normalised amplitude was the smallest. When muscle activity was observed 
individually for each muscle, for hamstring muscle, isokinetic muscle contraction had a larger 
normalised amplitude than that of isokinetic muscle contraction in four different knee angles 
(55, 65, 75, and 85 degrees). Isotonic muscle contraction produces a larger amplitude than 
that of isokinetic muscle contraction for most of knee joint angles when the muscle works as 
agonist or antagonist. However, its change of the amplitude is dependent on the muscle, the 
muscle length, and type of muscle contraction.  
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According to the studies which investigated the EMG signal recording of muscle contraction 
under dynamic conditions, the amplitude and frequency of the signal are influenced by several 
factors including types of muscle contraction, the muscle length, and angular velocity. 
Therefore, when the EMG signal is recorded of muscle contraction under dynamic condition, 
these factors should be considered.  
 
2.4.3. EMG recording of low back muscle contraction under static 
conditions 
As previously discussed, the EMG signal is influenced by the degree of force, the muscle 
length, and type of muscle contraction. In this thesis three different types of static postures 
were chosen including standing, sitting, and four points kneeling. The factors influencing the 
reliability of the EMG signal recorded during static posture will be discussed. The factors 
discussed include electrode placement, reproducing static posture, and normalising the EMG 
signal.  
 
In chiropractic practice, static postures including sitting and standing are commonly used 
when the surface EMG signal is recorded from the paraspinal muscles (Gentempo et al., 1996; 
Kent & Gentempo, 1995; Marcarian, 2002; Matheson, Toben, & de la Cruz, 1988). Surface 
EMG records muscle activity from the most active of the superficial muscle fibres under the 
surface electrodes. Surface electrodes must be placed parallel to the orientation of muscle 
fibres which the investigator intends to record from. Therefore, it is important to consider 
electrode placement before positioning surface electrodes. The study by De Foa, Forrest & 
Biedermann (1989) showed the orientation of the most superficial multifidus muscle fibres in 
the lumbar spine. It is less difficult to record the surface EMG signal from the lumbar region 
rather than other regions. One explanation is that the lumbar region has less muscle layers 
than others have.  
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A previous study (Preuss, Grenier, & McGill, 2003) investigated the repositioning of the 
lumbar spine in three static postures under two conditions including eyes open and eyes 
closed. Four point kneeling had more repositioning error than other postures, and standing 
had less repositioning error than sitting. This result points out the difficulty to reproduce static 
postures without aids to reposition body segments. A study by Womersley and May (2006) 
investigated the angle of the lumbar spine during relaxed sitting in two different groups 
including healthy non backache and mild backache groups. In this study, the group with 
backache had a significantly smaller lumbar angle than that of the healthy group in the sagittal 
plane. This means that the sitting posture may be different in the same individual with and 
without low back pain (LBP). What these studies suggest is that without aids to reposition 
body segment for a given posture, the posture may be difficult to reproduce. When static 
posture is changed, the study by O'Sullivan et al. (2006) reported how the surface EMG signal 
is affected. In their study, the surface EMG signal was recorded from low back muscles 
during three different types of sitting posture. Each sitting posture had a different spinal 
curvature determined by thoracic, lumbar and pelvic positions. This study found that the 
different spinal curvatures changed the EMG signal recorded from the superficial multifidus 
muscle at the L5 vertebral level. Therefore, small change in a static posture produces a large 
change in the amplitude of the EMG signal. Therefore, it is important to reproduce the spinal 
curvature to increase the reliability of the surface EMG signal when recording from low back 
muscles during static posture studies. However, there is no evidence which chiropractors used 
any equipment to reproduce static postures when the surface EMG signal is recorded from the 
paraspinal muscles in the clinical practice.  
 
Lehman (2002) investigated the reliability of the surface EMG to measure low back muscle 
activity during quite standing on different days. In this study, the amplitude of the signal was 
used to evaluate the reliability of the recording using three different normalisation techniques 
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including maximum voluntary isometric muscle contraction (MVC), sub-maximum isometric 
voluntary muscle contraction (sub-MVC), and average sub-maximum voluntary isometric 
muscle contraction. The signal recorded from the erector spinae at the L3 vertebral level 
during standing had good reliability (Intraclass correlation coefficient (ICC) > 0.75) with 
respect to the amplitude of the EMG signal. After normalising, reliability was improved for 
each technique.  This study suggests that a quite standing is a reliable static posture, and 
normalised techniques can minimise differences between days. However, in clinical practice 
chiropractors record the surface EMG signal from several segmental levels during static 
posture, and believe that surface EMG can be used to compare between subjects and between 
segmental levels without normalisation (Kent & Gentempo, 1990a).  
 
2.4.4.  EMG recording of low back muscle contraction under dynamic 
conditions 
In this thesis, walking has been used as an example of low back muscle contraction under 
dynamic conditions. The thesis investigated the muscle activity from low back muscles while 
people walk at their natural speed in the laboratory. Therefore, it is important to understand 
the biomechanics of trunk movement during walking, and also to define what past studies 
found. Walking is a complex repetitive dynamic activity of daily life. It consists of four major 
joint motions that occur in the sagittal, frontal and horizontal planes. Joint motions include 
those of the trunk, pelvis, hip, knee, and ankle. The gait cycle is defined as the time interval 
between two major events during walking (Whittle, 2007b). One gait cycle is defined as the 
time when the heel of one limb contacts the ground to the time when the same heel contacts 
the ground again (Lippert, 2006; Simoneau, 2002; Whittle, 2007b) (Figure 2 – 8).  
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Figure 2 – 8 : Phases of the gait cycle 
This figure is copied from Trew, M. (2005). Function of the lower limb. In M. Trew & T. Everett 
(Eds.), Human movement : an introductory text (5th ed., pp. 176). Edinburgh: Elsevier/Churchill 
Livingstone. 
 
I. Biomechanics of trunk movement during walking 
During walking, trunk movement is very complex. It consists of three major movements 
including flexion/extension (rotation in the sagittal plane), lateral flexion (rotation in the 
frontal plane), and rotation (rotation in the horizontal plane).  
 
At heel strike (0% of the gait cycle) trunk starts flexing toward the stance leg from the neutral 
position in the frontal plane by mid-stance (30% of the gait cycle), and then returns to be in 
neutral position by the opposite heel strike (50% of the gait cycle) (Thorstensson, Nilsson, 
Carlson, & Zomlefer, 1984). For rotation movement, at the mid stance (30% of the gait cycle), 
the trunk is in the neutral position in the horizontal plane, and then at heel off (40% of the gait 
cycle), the trunk begins to rotate anterior toward the stance leg (Lippert, 2006). At foot flat 
(57% to 60% of the gait cycle) on the opposite side, the trunk rotates maximally (Krebs, 
Wong, Jevsevar, Riley, & Hodge, 1992). At toe off (60% of the gait cycle), the trunk begins 
to return to toward the neutral position (Whittle, 2007b). For flexion/extension movement, at 
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toe off (10% of the gait cycle), trunk is nearly in the neutral position in the sagittal plane 
(Crosbie, Vachalathiti, & Smith, 1997). After that, during single support phase (10% to 50% 
of the gait cycle), slow flexion occurs (Crosbie et al., 1997). Then, at heel strike (50% of the 
gait cycle) this flexion is its maximum position, and then returns to the neutral position by the 
end of double support (60% of the gait cycle) (Crosbie et al., 1997). Therefore, each 
movement has a different beginning and peak points during gait cycle. These differences may 
be associated with muscle activity during walking. 
                                                                                                                                                                                                                 
II. EMG recording from the lumbar paraspinal muscles during walking 
A number of studies have investigated low back muscle activity during walking using 
electromyography (EMG). The EMG signal was recorded from low back muscles during 
walking in a healthy population and low back pain (LBP) groups, and then it has been 
analysed in order to characterise the pattern of low back muscle activity in different ways. 
  
i. Muscle activity pattern recorded in a healthy group during walking 
Past studies investigated low back muscles during walking by EMG. The detail of each study 
was summarised in the Table 2 –1, 2 – 2, and 2 – 3 below. 
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Table 2 – 1 :  Which muscle was recorded during walking in previous studies? 
Keywords References 
Multifidus 
muscle 
• Anders, et al. (2007) 
• Callaghan, Patla, & McGill, (1999) 
• Dofferhof & Vink, (1985) 
• Saunders, Rath, & Hodges, (2004) 
• Saunders, Schache, Rath, & Hodges, (2005) 
• Thorstensson, Carlson, Zomlefer, & Nilsson, 
(1982) 
• Vink & Karssemeijer, (1988) 
Iliocostalis 
muscle 
• Arendt-Nielsen, Graven-Nielsen, Svarrer, & 
Svensson, (1995) 
• Dofferhof & Vink, (1985) 
• Waters & Morris, (1972) 
Longissimus 
muscle 
• Arendt-Nielsen, et al., (1995) 
• Vink & Karssemeijer, (1988) 
• Waters & Morris, (1972) 
Erector spinae 
muscle 
• Anders, et al., (2007) 
• Callaghan, et al., (1999)  
• Cappozzo, (1984) 
• Carlson, Thorstensson, & Nilsson, (1988) 
• Cromwell, Aadland-Monahan, Nelson, Stern-
Sylvestre, & Seder, (2001) 
• Ivanenko, Poppele, & Lacquaniti, (2004)  
• Lamoth, Daffertshofer, Meijer, & Beek, (2006) 
• Lamoth, et al., (2004) 
• Lamoth, Meijer, Daffertshofer, Wuisman, & Beek, 
(2006) 
• Prince, Winter, Stergiou, & Walt, (1994) 
• Saunders, et al., (2004) 
• Saunders, et al., (2005) 
• Vogt, et al., (2003) 
• White & McNair, (2002) 
• Winter, MacKinnon, Ruder, & Wieman, (1993) 
• Winter & Yack, (1987) 
The EMG signal 
was recorded 
from  
Paraspinal 
muscles 
• Prince, et al., (1994) 
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Table 2 – 2 : How subjects kept walking in previous studies? 
Keywords References 
at normal speed • Callaghan, et al., (1999) 
• Cromwell, et al., (2001) 
• Prince, et al., (1994)  
• Winter & Yack, (1987) 
On a treadmill • Anders, et al., (2007) 
• Arendt-Nielsen, et al., (1995) 
• Cappozzo, (1984) 
• Carlson, et al., (1988) 
• Dofferhof & Vink, (1985) 
• Ivanenko, et al., (2004) 
• Lamoth, Daffertshofer, et al., (2006) 
• Lamoth, et al., (2004) 
• Lamoth, Meijer, et al., (2006) 
• Saunders, et al., (2004) 
• Saunders, et al., (2005) 
• Thorstensson, et al., (1982) 
• Vink & Karssemeijer, (1988) 
• Vogt, et al., (2003) 
• Waters & Morris, (1972) 
• White & McNair, (2002) 
on fixed walkway using a 
metronome to pace gait 
• Dofferhof and Vink (1985) 
Subjects walked 
under unknown conditions • Winter, MacKinnon et al. (1993) 
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Table 2 – 3 : How the EMG signal was recorded in previous studies? 
Keywords References 
surface  
electrodes 
• Anders, Wagner et al. (2007) 
• Arendt-Nielsen, Graven-Nielsen et al. (1995) 
• Callaghan, Patla et al. (1999) 
• Cappozzo (1984) 
• Carlson, et al., (1988) 
• Cromwell, et al., (2001) 
• Dofferhof and Vink (1985) 
• Ivanenko, Poppele et al. (2004) 
• Lamoth, Daffertshofer et al. (2004) 
• Lamoth, Daffertshofer et al. (2006) 
• Lamoth, Meijer et al. (2006) 
• Prince, Winter et al. (1994) 
• Saunders, et al., (2004) 
• Saunders, et al., (2005) 
• Vink and Karssemeijer (1988) 
• Vogt, Pfeifer et al. (2003) 
• White and McNair (2002) 
• Winter, MacKinnon et al. (1993) 
• Winter and Yack (1987) 
The EMG signal was 
recorded using 
fine-wire  
electrodes 
• Carlson, et al., (1988) 
• Saunders, et al., (2004) 
• Saunders, et al., (2005) 
• Thorstensson, et al., (1982) 
• Waters & Morris, (1972) 
 
Although all studies analysed the EMG signal relative to heel strike, each study investigated 
the low back muscle activity using different methods of analysis. However, there were still a 
number of similarities in order to define four points including a) Pattern of bursting behaviour, 
b) Amplitude of the bursting with a muscle, c) Timing of muscle activation, d) Amplitude of 
bursting at different walking speeds, or e) Length of the activity time under different 
conditions of walking. The analysis method of the recorded EMG signal was summarised in 
the Table 2 – 4 below. 
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Table 2 – 4 : Analysis method of the recording EMG signal in previous 
studies 
Keywords References 
rectified • Arendt-Nielsen et al., (1995) 
• Carlson et al., (1988) 
• Cromwell et al., (2001)  
• Lamoth, Daffertshofer et al. (2004) 
• Lamoth, Daffertshofer et al., (2006) 
• Lamoth, Meijer et al., (2006) 
• Prince et al., (1994) 
• Saunders et al., (2004) 
• Saunders et al., (2005) 
• Thorstensson et al., (1982) 
• Vink & Karssemeijer, (1988) 
• Vogt et al., (2003) 
• Winter et al., (1993) 
• Winter & Yack, (1987) 
The EMG signal was 
integrated • Cromwell et al., (2001) 
         
a) Pattern of the bursting behaviour during walking 
Several studies have investigated the number of the activity envelopes during a gait cycle. The 
activity envelope (bursting) is defined as a distinct activity period as recorded by the EMG 
signal during a gait cycle. When the surface EMG signal was recorded from the lower back 
muscles which have been defined as located from the L2 – L5 vertebral levels, most studies 
found that walking was associated with two distinct activity envelopes including multifidus 
muscle (Anders et al., 2007; Callaghan et al., 1999; Dofferhof & Vink, 1985; Vink & 
Karssemeijer, 1988), erector spinae (Anders et al., 2007; Callaghan et al., 1999; Carlson et al., 
1988; Cromwell et al., 2001; Ivanenko et al., 2004; Vogt et al., 2003; Winter et al., 1993; 
Winter & Yack, 1987), iliocostalis (Dofferhof & Vink, 1985), and longissimus (Vink & 
Karssemeijer, 1988). However, when the surface EMG signal was recorded from erector 
spinae at the thoracic region  (Callaghan et al., 1999; Vogt et al., 2003), and the L1 vertebral 
level (Anders et al., 2007; Callaghan et al., 1999; Ivanenko et al., 2004; Vogt et al., 2003), 
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and from the iliocostalis at the L1 vertebral level (Vink & Karssemeijer, 1988), only the 
contralateral muscle was active around heel strike. According to these studies, in the thoracic 
region, only one distinct activity envelope on the contralateral side was observed around heel 
strike. However, in the lumbar region, there were one or two distinct activity envelopes 
observed during walking. The number of the distinct activity envelope depends on the 
vertebral level of the spine. 
 
Saunders et al. (2004) investigated the EMG signal recorded from the deep and superficial 
multifidus muscle from the L4 vertebral level using fine-wire electrodes. Although the deep 
multifidus muscle on both sides of the spine was active at heel strike, the superficial 
multifidus muscle on the ipsilateral side only was active at heel strike and became inactive 
just prior to contralateral heel strike. This result was different from other studies which 
investigated the number of the activity envelope within a gait cycle using surface EMG 
(previous section).  
 
There are several explanations why there was a different results between this study by 
Sunders et  al. (2004) and others. The superficial lumbar multifidus muscle may be different 
from the lumbar erector spinae in the pattern of muscle activity during walking. This study 
used fine-wire EMG. Therefore, the EMG signal was recorded from more specific area of the 
most superficial fibres of the active multifidus muscle rather than by surface EMG. In 
addition, other studies which used surface EMG may record electrical activity from other 
muscles which surround the recorded muscle under the electrode during walking. In other 
words, when the superficial muscle fibres are inactive, the recorded surface EMG signal may 
be from the deeper layers of the most active muscle fibres during walking. Therefore, when 
the surface EMG signal was recorded from the lumbar paraspinal muscles, the recorded 
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surface EMG signal may associate with the superficial or deeper fibres of the lumbar 
multifidus muscle.  
 
b) Amplitude of the bursting within a muscle during walking 
Three studies compared the amplitude of the EMG signal between the ipsilateral and 
contralateral sides of the spine around heel strike. Thorstensson et al. (1982) rectified and 
filtered the needle EMG signal recorded from the longissimus and multifidus muscle at the L4 
vertebral level in order to characterise the pattern of muscle activity relative to trunk 
movement during walking. The study by Vink and Karssemeijer (1988) rectified and averaged 
the surface EMG signal recorded from iliocostalis at the L1 vertebral level, longissimus at the 
L1 and L3 vertebral levels, and multifidus muscle at the L3 vertebral level in order to 
characterise the pattern of muscle activity relative to pelvic rotation during walking. 
Callaghan  et al. (1999) normalised the surface EMG signal recorded from the erector spinae 
at T9 and L3 vertebral levels and multifidus muscle at the L5 vertebral level in order to define 
the pattern of muscle activity, spinal motion, and joint force during walking.  
 
The study by Thorstensson et al. (1982)  found that on contralateral side the activity envelope 
occurred at heel strike had a larger amplitude than that of activity envelope occurred at heel 
strike on ipsilateral side. This study suggests that a difference in the amplitude between two 
activity envelopes within a muscle within a gait cycle may be related to restrict a movement 
in the frontal plane. The study by Vink and Karssemeijer (1988) had a similar result to study 
by Thorstensson et al. (1982) when the surface EMG signal was recorded from the lumbar 
iliocostalis. Although there was no difference between the first and second activity envelopes 
within the erector spinae at the L3 vertebral level during normal walking, during fast speed 
walking the amplitude of the activity envelope occurred by heel strike on contralateral side 
became greater than that of the activity envelope occurred by heel strike on ipsilateral side 
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(Callaghan et al., 1999). However, when the EMG signal was recorded from the multifidus 
muscle at the L5 vertebral level, the amplitude of the activity envelope occurred by heel strike 
on ipsilateral side was greater than that of the activity envelope occurred by heel strike on 
contralateral side within a muscle (Callaghan et al., 1999). The study by (Thorstensson et al., 
1984) found that at heel strike the trunk starts flexing lateral towards the stance leg. Therefore, 
low back muscle activity increases when the trunk flexes laterally. As a result, the difference 
between two activity envelopes in the amplitude of the signal could be observed around heel 
strike during normal walking, however, it could depends on the muscle in the lumbar region.  
 
Winter and Yack (1987) investigated the muscle activity recorded by EMG recorded from leg 
muscles and lumbar erector spinae during walking. The EMG signal was recorded from leg 
muscles and lumbar erector spinae at the L4 vertebral level while participants walked at a 
natural speed. The erector spinae had two peak activities within a gait cycle. The first largest 
amplitude of the muscle activity as peak activity was observed at 10 % of the gait cycle which 
was thought to be equivalent to when the leading limb was in the foot flat period (Trew, 2005) 
and this also signalled the beginning of single leg support (Lippert, 2006; Whittle, 2007a). In 
this period, the lumbar erector spinae controls trunk to rotate anterior toward the swing leg 
(Winter & Yack, 1987). The leg muscles which accept the weight had the largest amplitude at 
15% of the gait cycle (Winter & Yack, 1987). Therefore, there was a difference peak point 
between the weight accepting muscle and lumbar erector spinae. According to this study, low 
back muscle activity increases while the stance leg is accepting body weight.   
 
c) Timing of muscle activation during walking 
Several studies (Carlson et al., 1988; Dofferhof & Vink, 1985; Thorstensson et al., 1982; 
Vink & Karssemeijer, 1988; Vogt et al., 2003; Waters & Morris, 1972) have reported timing 
of muscle activity or the length of activity time during the walking cycle.  
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Water and Morris (1972) investigated activation patterns of the multifidus muscle at the L5 
vertebral level using fine wire EMG. The length of activity time of the multifidus muscle 
occurred by ipsilateral heel strike was longer than that occurred by contralateral heel strike.  
 
Thorstensson et al. (1982) reported the onset point when the EMG signal was recorded from 
the lumbar longissimus and multifidus muscle at the L4 vertebral level using wire EMG. This 
study found that these muscles on both sides were activated before heel strike.  
 
Dofferhof and Vink (1985) estimated the onset and activity time of iliocostalis and multifidus 
muscle by observing the surface EMG signal. In their work, muscle activation occurred 
simultaneously on both sides of the spine. The muscle was activated before heel strike, and 
then deactivated after heel strike. This pattern of activation and deactivation of the back 
muscle was shown by another studies (Carlson et al., 1988; Vogt et al., 2003)  There was no 
consistent pattern in terms of the length of activation time.  
 
Carlson et al. (1988) investigated onset and offset times of trunk muscles during walking 
relative to trunk movement in the frontal and sagittal planes. In this study, the surface EMG 
signal was recorded from the lumbar erector spinae at the L3 vertebral level. The muscle 
activity occurred during a backward and lateral movement phases, and then ends before or at 
the peak of rotation in the frontal plane. Therefore, the muscle activity contributes to a trunk 
movement in the frontal and sagittal planes.  
 
Vink and Karssemeuijer (1988) investigated pelvic movement (rotation in the sagittal plane 
and in the frontal plane) and low back muscle activity recorded from the longissimus and 
multifidus muscles at the L4 vertebral level during walking on a treadmill. Their study had 
two findings. Muscle activity began just before or just after heel strike, and this activity ended 
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just after toe off on the contralateral side. There was low correlation between the EMG signal 
and pelvic rotation in the frontal plane. This study concluded the pelvic rotation can not 
determine the activity of low back muscles during walking.  
 
According to these studies (Carlson et al., 1988; Dofferhof & Vink, 1985; Thorstensson et al., 
1982; Vogt et al., 2003), the muscles on both sides of the spine were activated before both 
heel strikes, and then deactivated after heel strike when the EMG signal was recorded from 
the lumbar paraspinal muscles.  
 
Saunders et al. (2005) examined the relationship between trunk movement and the EMG 
signal during different speeds of walking and running. The EMG signal was recorded from 
the superficial and deep lumbar multifidus muscles and lumbar erector spinae at the L4 
vertebral level using fine-wire electrodes, and the lumbar erector spinae at the L2 vertebral 
level using surface EMG while participants walked or ran at different speeds on a treadmill. 
The recorded EMG signal was rectified and filtered, and then this study averaged the EMG 
signal over six consecutive gait cycles. The amplitude of the signal was normalised relative to 
the isometric maximum voluntary contraction (MVC). On the averaged EMG signal this 
study visually defined when the largest amplitude of the rectified and filtered EMG signal 
occurred relative to trunk movement. This point was referred to as the “peak”. There was no 
significant difference in normalised EMG amplitude between different muscles and between 
different bursts (first and second activity envelopes) of the gait cycle within a muscle. They 
found that peak activity of the superficial multifidus muscle associated with stance phase 
which was at the transition from flexion to extension of trunk.  
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d) Amplitude of the EMG signal at different walking speeds 
Four studies reported the amplitude of the EMG signal recorded from low back muscles at 
different walking speeds. Water and Morris (Waters & Morris, 1972) reported the amplitude 
of the activity envelope recorded from the right lumbar multifidus muscle at the L5 vertebral 
level using wire EMG at two different type of walking on a treadmill. This study found the 
amplitude of the signal increased by walking speed.   
 
Thorstensson et al. (1982) reported a pattern of activation of back muscles at four different 
speeds (two different walking speeds and two different running speeds) when the EMG signal 
was recorded from the lumbar longissimus and multifidus muscles at the L4 vertebral level 
using fine-wire electrodes after the EMG signal was filtered and rectified. When walking 
speed increased from 1.5 m/h to 2.5 m/h, there was no change in the basic pattern of muscle 
activation. However, the activity envelope by running had a longer duration of the activity 
time than by walking. When the muscle activity was compared between the fastest walking 
and the fasted running, the total area under the filtered and rectified EMG was increased in 
proportion to speed. Although there was no information whether there was a difference in the 
amplitude between the fastest walking and the fasted running, the length of the activity time 
was one of factors which changes a size of the area under the EMG signal.  
 
Callaghan et al. (1999) investigated the normalised amplitude of the signal recorded from the 
erector spinae at the T9 and L3 vertebral levels and multifidus muscle at the L5 vertebral level 
and trunk motion while participants walked at three different speeds. This study found 
increased speed associated with increased peak amplitude of the activity envelope for these 
electrode sites, and increased flexion-extension range of motion. However, the lateral flexion 
of the lumbar spine by slow speed was less the others. Therefore, during walking the range of 
flexion-extension motion is related to the peak amplitude of the activity envelope. At heel 
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strike increased speed had more influenced on the peak amplitude of the activity envelope on 
contralateral side rather than that of ipsilateral side. Particularly, the lumbar multifidus muscle 
on ipsilateral side had less effect of walking speed on the peak amplitude of the activity 
envelope occurred by heel strike.   
 
Anders et al. (2007) reported the mean amplitudes of the EMG signal while participants 
walked at five different speeds (two, three, four, five, and six km/h) on a treadmill, when the 
EMG signal was recorded from the multifidus muscle at the L4 vertebral level and the erector 
spinae at the L2 vertebral level using surface EMG. Although the mean amplitude of the 
whole signal was increased in proportion to walking speed, the minimum amplitude of the 
signal was not changed. Therefore, peak amplitude of the signal was dependent on walking 
speed, however, the minimum amplitude of the signal was independent on walking speed. The 
lumbar multifidus muscle had the highest minimum amplitude of the signal during 2 km/h 
walking, however, the lumbar erector spinae had during 6 km/h walking. Therefore, this may 
be one of evidences which these muscles have a different function during walking.  
 
As a result, all these studies suggest that the peak amplitude of the activity envelope increases 
with increase walking speed.  
 
e) Length of the activity time under different condition of walking 
Waters and Morris (1972) investigated the length of the activity time when the EMG signal 
recorded from the right multifidus muscle at the L5 vertebral level using wire EMG at two 
different speeds on a treadmill. The length of the activity time at 5.29 km/h was greater than 
when walking speed was 4.39 km/h which was determined as a comfortable walking speed. 
The length of the activity time between two different speeds was also compared by  Dofferhof 
and Vink (1985). Their study recorded the surface EMG signal from the multifidus and 
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iliocostalis muscles at two different speeds on a treadmill. Although the onset of the activity 
envelope was not changed, the length of the activity time at 5.5 km/h was longer than 4.0 
km/h in some sites. The study by Saunders et al. (2004) reported that the length of the activity 
time in the lumbar paraspinal muscles increased when speed increased from walking to 
running. Together these studies suggest that the length of the activity envelope increases with 
increasing walking speed. 
 
Dofferhof and Vink (1985) also investigated muscle activation patterns during walking with a 
load. Four different types of loading were compared with unloaded walking at the same 
walking speed while recording the surface EMG signal from the lumbar iliocostalis and 
multifidus muscles. Two activity envelopes were observed within a gait cycle during walking 
with a load. When a five kg sandbag was attached to the front of the chest during walking, the 
onset of the activity envelope of muscle activity was not changed for both activity envelopes. 
However, the length of the activity time was changed. When a five kg sand bag was attached 
to the front of the chest, the length of the activity time was longer than that of unloaded 
walking for the lumbar multifidus muscle for both activity envelopes. However, when a five 
kg sand bag was attached to the back between the scapulae, the length of the activity time was 
shorter than that of unloaded walking for the lumbar multifidus muscle for both activity 
envelopes. Therefore, the length of the activity time was dependent on the position of the load. 
When the sandbag was carried in one hand, the length of the activity time was shorter than 
that of unloaded walking for only contralateral side of the lumbar multifidus muscle for both 
sides. Therefore, carrying the load by one side makes shorter activity time on ipsilateral side 
for both activity envelopes. This study suggests that length of the activity time was influenced 
by position of the loading. 
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ii. Muscle activity patterns recorded in people with low back pain (LBP) during walking 
Several studies (Arendt-Nielsen et al., 1995; Lamoth et al., 2004; Lamoth, Meijer et al., 2006; 
Vogt et al., 2003) have compared differences in the EMG signal recorded in a healthy 
population (a non low back pain (non-LBP)), an experimental pain condition and a non-
healthy population (low back pain (LBP)) groups in terms of the amplitude of the EMG signal 
and timing of muscle activity during walking.  
 
a) Amplitude of the EMG signal during walking 
Two studies (Arendt-Nielsen et al., 1995; Lamoth et al., 2004) reported comparisons between 
a healthy population group and an experimental pain condition, and one study (Lamoth, 
Meijer et al., 2006) reported comparison between healthy population and low back pain 
groups with respect to the mean amplitude of the signal. 
 
Arendet-Nielsen et al. (1995) investigated the mean amplitude of the EMG signal recoded 
from the longissimus at the T12 and L2 vertebral levels and the lumbar multifidus muscle at 
the L4 vertebral level in four different groups including healthy, chronic low back pain, and 
two different types of experimental pain groups (fear with pain and fear without no pain). 
This study found that the mean amplitude of the rectified surface EMG signal recorded was 
increased significantly, and also the average amplitude of the EMG signal during the swing 
phase of the gait cycle was increased significantly for both side for an acute experimental 
group.  
 
Lamoth et al. (2004) examined the effect of three different experimental conditions which 
included acute pain, fear of pain, and fear of impending pain on back muscles activity during 
gait. The surface EMG signal was recorded from the erector spinae at the T12, L2, and L4 
vertebral levels while participants walked at four different speeds on a treadmill. For the acute 
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pain group, the lumbar erector spinae had less consistent pattern of muscle activity than that 
of the other three conditions.  
  
Lamoth et al. (2006) compared the mean amplitude of the EMG signal recorded from the 
erector spinae muscle at the T12, L2, and L4 vertebral levels on both sides of the spine at 
different speeds. When subjects walked at nine different walking speeds including self 
selected pace on a treadmill in order to compare between non-LBP and LBP groups, the mean 
amplitude of the signal was increased during swing phase of the self pace of walking in LBP 
group. 
 
According to theses studies which compared between non-LBP and LBP groups in the 
amplitude of the signal, LBP group has an influence on the consistency of the amplitude, size 
of the amplitude, and the amplitude during swing phase.  
 
b) Timing of muscle activation during walking 
Arendt-Nielsen et al. (1995) investigated the length of the activity envelope between healthy 
and chronic LBP groups. The surface EMG signal was recorded from the longissimus muscle 
at the T12 and L2 vertebral levels, the iliocostalis muscles at the L2 vertebral level, and the 
multifidus muscle at the L4 vertebral level while participants walked at a speed of 4km/h on a 
treadmill. In their study, the EMG signal was rectified, and timing of muscle activity was 
normalised to heel strike. For the chronic LBP group the duration of the stance phase of the 
normalised gait cycle was significantly longer than that of the control group. 
 
Vogt et al. (2003) compared non-LBP (healthy population) and chronic LBP groups during 
walking on the treadmill using the activity pattern of low back muscles, hip extension muscle, 
and biceps muscle relative to heel strike. In the chronic LBP group, the erector spinae at the 
                                                                                                                                      Chapter 2 : Literature review 
70 
L3 vertebral level on ipsilateral side to heel strike was activated significantly earlier than in 
the healthy population group. However, the gluteus maximum muscle was activated 
significantly earlier, and then was deactivated later than in the healthy population. The biceps 
muscle was activated significantly earlier, and then was deactivated earlier than that of the 
healthy population. These results suggest that LBP causes a change to the recruitment pattern 
of muscle activity in lower back muscles and hip extension muscle. The onset point of the 
activity envelope can be used as one of indication to distinguish between non-LBP and LBP 
groups when the EMG signal is recorded from low back muscles during walking. 
 
According to these studies which compared between non-LBP and LBP groups in timing of 
muscle activation, in the LBP group the longer stance phase of the gait cycle may result in 
earlier onset point. 
 
2.5. Objectives of this thesis 
This chapter has reviewed literature in a number of different areas including the anatomy and 
function of the lumbar multifidus muscle, imaging of the cross sectional area (CSA) in the 
LBP group, pathophysiology of LBP, and biosignal analysis tools in low back muscles which 
are used to provide an introduction for the studies described in this thesis in order to establish 
the area of this thesis.  
 
As discussed in previous chapter (Chapter 1 : Introduction), the purpose of this thesis is to 
evaluate the reliability and validity of surface electromyography (EMG) to measure the 
functional status of the lumbar paraspinal muscles. In order to achieve this purpose, there are 
several objectives each chapter.  
 
                                                                                                                                      Chapter 2 : Literature review 
71 
In Chapter 3 (Page 73 – 119), the surface EMG was recorded from the lumbar paraspinal 
muscles during maintenance of specific static postures. The purpose of this chapter was to 
assess and compare the reliability of the recorded surface EMG signal recorded from the 
lumbar paraspinal muscles during maintenance of simple static postures.  
 
The objectives of this chapter are 
• To determine the electrode placement which is based on the specific anatomical 
landmarks when the surface EMG signal is recorded from the lumbar paraspinal 
muscles 
• To determine the normalisation technique which can be used to compare between 
two different recording sessions in clinical practice. 
• To determine the protocol which minimise a difference in skin impedance between 
two different recording sessions. 
• To determine the surface EMG signal which is reproducible between different 
recording sessions when specific static postures are defined for the next recording 
session. 
• To determine whether reliability of the surface EMG signal is influenced by the 
electrocardiographic (ECG) artefact.      
 
In Chapter 4 (Page 120 – 136), two different types of the trunk holding tests were evaluated to 
measure the maximum voluntary muscle contraction (MVC) in the lumbar paraspinal muscles. 
The purpose of this chapter is to assess the MVC during the modified (supported) trunk 
holding test.   
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The objective of this chapter is 
• To determine the supported trunk holding technique which procedures the same 
MVC as the unsupported trunk holding technique evidenced by the surface EMG 
signal. 
 
In Chapter 5 (Page 137 – 209), the surface EMG signal was recorded from the lumbar 
paraspinal muscles during walking. The purpose of this chapter was to determine whether a 
simple walking task is a suitable protocol to assess the functional status of the lumbar 
paraspinal muscles.  
 
The objectives of this chapter are 
• To determine the metronome which can be used to maintain the rhythm of 
individual walking and a consistent pattern of lumbar paraspinal muscle activity. 
• To determine usefulness of the biosignal analysis tool during muscle contraction 
under dynamic conditions. 
• To characterise the pattern of lumbar paraspinal muscle activity by three 
components (amplitude, frequency, and timing of muscle activity) of the EMG 
signal during walking.   
 73 
 
 
 
 
 
 
 
 
 
Chapter 3 : 
Surface EMG recording of the lumbar paraspinal muscles 
 under static conditions 
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A part of this chapter includes an edited version of the manuscript “Reliability and validity of 
surface electromyography (EMG) to study the functional status of lumbar paraspinal muscles 
during execution of the unsupported sitting posture” by Kamei K, Kumar DK, Polus BI which 
has been published in Chiropractic Journal of Australia (2007) Mar;37(1):30-37.  
 
3.1. Introduction 
Surface Electromyography (EMG) is a safe, simple, and non-invasive method that can 
provide information about different aspects of muscle activity. However, there are factors 
which affect the quality of the surface EMG signal (Cram, Kasman, & Holtz, 1998c; Kumar 
& Mital, 1996). These include 1) the placement of the electrodes relative to muscle fibre 
orientation, 2) inter-electrode distance, 3) cleaning protocols used to prepare the skin in the 
area of electrode sites before positioning electrodes, 4) level of muscle contraction during the 
examined movement or posture and 5) whether the contraction is under static (isometric) or 
dynamic (associated with changes in muscle length) conditions. 
 
In chiropractic practice, the unsupported sitting and standing postures are often used to 
evaluate the paraspinal muscle dysfunction associated with the chiropractic vertebral 
subluxation when chiropractors use surface electromyography (EMG) as a diagnostic tool 
(Kelly & Boone, 1998; Kent & Gentempo, 1995; Marcarian, 2002). These static postures are 
associated with a low level of contraction of the lumbar paraspinal muscles. When the level of 
muscle activation is low, especially when recording from muscles of the trunk during sitting 
(Hu et al., 2007), and standing (Hu et al., 2007; Kuriyama & Ito, 2005; Marque et al., 2005), 
the surface EMG signal is often contaminated by an electrocardiographic (ECG) artefact. 
Another consideration is to minimise a repositioning error of the posture when the surface 
EMG signal is recorded from trunk muscles during static postures. Preuss et. al (2003) 
reported that four point kneeling posture had the largest repositioning error comparing 
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unsupported sitting and standing. Therefore, the simple way of reproducing static postures is 
important in this study. 
 
During voluntary muscle contraction, firstly the smallest motor units are recruited at low level 
and as the level of muscle activation increases, large motor units are recruited (Brown, Miller, 
& Eason, 2006a; Lieber, 2002b). Maintaining simple static posture is associated with a low 
level of paraspinal muscle activation. Thus, only small motor units are recruited rather than 
large motor units to support this posture. Because there is an abundance of small motor units, 
the central nervous system (CNS) can alter those motor units that participate in the muscle 
contraction at a given time. This leads to some instability in the motor unit recruitment 
strategy used to support postures where the level of muscle activation required is low. This in 
turn leads to an alteration in the magnitude of the EMG signal. Also, if this posture is altered 
slightly as might be expected to occur when the relationship between head, thorax, abdomen, 
and pelvis changes, the magnitude of the EMG signal may also be significantly altered. 
(O'Sullivan et al., 2006) 
  
The purpose of this study was to assess and compare the reliability of the recorded surface 
EMG signal recorded from the lumbar paraspinal muscles during maintenance of simple static 
postures.  
 
3.2. Method 
3.2.1. Subjects 
This experiment was approved by the RMIT Human Research Ethics Committee. The static 
posture experiment was conducted on a total of 20 healthy subjects (13 males and 7 females, 
Age 29.40 ± 9.54 years old, Height 170.98 ± 9.30cm, Weight 69.10 ± 13.41kg, Body mass 
index (BMI) 23.44 ± 3.06 kg/m2) who had no recorded history of acute, severe, low back pain 
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having occurred within the last 12 months. Exclusion criteria also included arthritides (e.g., 
osteoarthritis and rheumatoid arthritis) neuromuscular disorders, collagen disorders, non-
articular rheumatism (including fibromyalgia), seizure disorders, sleep disorders, 
cerebrovascular diseases, previous trauma of the head and spine resulting in neurological 
deficit, central nervous system (CNS) infections resulting in neurological deficit, CNS 
neoplasms resulting in CNS deficit, demyelinating diseases, disorders of movement, spinal 
cord disorders, or disorders of the peripheral nervous system. In order to recruit eligible 
subjects, each filled in a questionnaire (Appendix A – 1) that listed all exclusion criteria before 
the first experiment. Once accepted into the experiment, subjects attended the first recording 
session. They came back to the second session within the next 8.05 ± 7.82 days. All subjects 
gave informed consent (Appendix A – 3) prior to any data collection. 
 
3.2.2. Electrode placement 
Disposable electrodes (Ag/AgCl, Blue sensor P-00-S, Medicost, Denmark)(Figure 3 – 1) were 
placed on the skin over the paraspinal muscles (the superficial fibres of the lumbar multifidus 
muscle) at the level of lumbar vertebral segment 2/3 (L2/3) and 4/5 (L4/5). Electrodes were 
also positioned over the iliocostalis muscles at the level of lumbar segment 2/3 (L2/3) 
bilaterally approximately 4cm lateral to the spinous processes (Figure 3 – 2)(Table 3 – 1). 
Four common earth electrodes were placed over surrounding spinous processes. In order to 
accurately position and reposition electrodes over the paraspinal muscles, subjects were 
required to flex their spine to approximately 30 degrees (bending forward) by resting their 
elbows on a horizontal bar that was adjusted to the required height of each individual. This 
procedure allowed easy access to marked electrode sites and anatomical landmarks without 
fatigue to the low back muscles. The angle of trunk flexion and the height of the horizontal 
bar were recorded in order to reproduce the position of electrode sites as accurately as 
possible. Before positioning electrodes, the spinous processes between lumbar vertebrae one 
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to five and the two posterior superior iliac spines (PSISs) were marked using a skin pencil. 
After that, lines joining the lumbar 1/2 (L1/2) interspace and the left and right PSISs were 
drawn. These lines allowed us to identify the orientation of the lumbar multifidus muscle 
fibres on each side of the spine (De Foa et al., 1989). Electrodes were positioned along the 
lines connecting the L1/2 interspace and PSIS bilaterally at the lumbar segment 2/3 (L2/3) 
and 4/5 (L4/5) vertebral levels. Each electrode position was marked onto transparency film 
along with specified anatomical landmarks, including the lumbar spinous processes and PSIS 
for each subject in order to reproduce the electrode sites for the next session and also to 
measure inter-electrode distance. The mean inter-electrode distance was 2.96 ± 0.47 cm 
(Appendix A – 5). For eight out of twenty subjects, data from one electrode site (left 
iliocostalis muscle) could not be recorded because one of the dual bio amplifiers was not 
available at the initial stage. 
 
 
Figure 3 – 1 : Disposable electrode 
This figure is taken from Datasheets of Blue Sensor (Ambu, 2008) 
 
Table 3 – 1 : Electrode placement 
 Recording muscle fibres 
L2/3 L Right lumbar 2/3 iliocostalis muscle 
L2/3 M Right lumbar 2/3 superficial multifidus muscle Right 
L4/5 M Right lumbar 4/5 superficial multifidus muscle 
L2/3 L Left lumbar 2/3 iliocostalis muscle 
L2/3 M Left lumbar 2/3 superficial multifidus muscle Left 
L4/5 M Left lumbar 4/5 superficial multifidus muscle 
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Figure 3 – 2 : Electrode placement 
The spinous process between lumbar vertebrae one to five (L1 ~ L5) and the two posterior superior 
iliac spines (PSISs) were marked. Green circles refer to the surface electrode (Ag/AgCl, Blue sensor 
P-00-S, Medicost, Denmark). A : Right lumbar 2/3 iliocostalis muscle. B : Right lumbar 2/3 
superficial multifidus muscle.  C : Right lumbar 4/5 superficial multifidus muscle. D : Left lumbar 2/3 
iliocostalis muscle. E : Left lumbar 2/3 superficial multifidus muscle. F : Left lumbar 4/5 superficial 
multifidus muscle. G : L1/2 interspace. H : Right posterior superior iliac spine. I : Left posterior 
superior iliac spine. Red lines joining the L1/2 interspace (G) and both PSISs (H and I) were drawn. 
 
3.2.3. Skin preparation 
Skin preparation is important in order to obtain a good quality signal. Skin impedance must be 
less than 1% of the input impedance of the amplifier (Winter, 1996). Before placing 
electrodes on the subjects, three steps identified by Cram and colleagues (1998c) were carried 
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out in order to prepare the electrode sites. First the skin was shaved using soap in order to 
remove skin hair. After that, the skin was cleaned by abrading the skin using an exfoliator. 
Finally a swab soaked in 70% alcohol was used in order to remove remaining oil and dirt 
from the skin surface. The aim of this treatment was to reduce skin impedance to less than 
200kΩ (Winter, Rau, Kadefors, Broman, & De Luca, 1980). Skin impedance at all electrode 
sites was checked using a multimeter (Q-1429, Dick Smith Electronics Pty Ltd, Regents Park, 
NSW) to ensure that the skin cleaning process was successful before data were collected. 
 
3.2.4. Static posture tasks 
Firstly, main static postures in daily living were chosen. Two of them including standing and 
sitting are commonly used in clinical practice when chiropractors record the surface EMG 
signal from paraspinal muscles (Kelly & Boone, 1998; Kent & Gentempo, 1995; Marcarian, 
2002). Four point kneeling posture is commonly used to activate the lumbar paraspinal 
muscles in rehabilitation programs (Richardson & Jull, 1995). Therefore, four point kneeling 
posture could be more appropriate than standing and sitting postures to investigate lumbar 
multifidus muscle activity by surface EMG. Posture-monitoring equipment (Figure 3 – 3) was 
designed to allow the reproduction of specific static postures in sagittal plane, frontal plane or 
horizontal plane including four point kneeling, sitting, and standing. 
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 Standing 
Four point kneeling 
 
 
 
 
Sitting 
 
Figure 3 – 3 : Posture-monitoring equipments 
 
One way to evaluate the functional status of the lumbar paraspinal muscles is to observe the 
pattern of activity. However, these postures are associated with a low level of muscle 
contraction in the lumbar region. In order to observe the pattern of muscle activity in the 
lumbar paraspinal muscles, it is necessary to increase the level of muscle contraction. In this 
study, subjects were required to raise one arm or both arms during the experiment. This arm 
raising activity increases the load on the spine. The pattern of activity can be observed at 
different segmental levels when one or both arms are raised. Consequently, in this study, 
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eleven static postures were used to record the surface EMG signal from the lumbar paraspinal 
muscles including four point kneeling with the left arm raised flexion to 90 degrees (4PL), 
four point kneeling with no arms raised (4PN), four point kneeling with the right arm raised 
flexion to 90 degrees (4PR), sitting with bilateral arms raised flexion to 90 degrees (SITB), 
sitting with the left arm raised flexion to 90 degrees (SITL), sitting with no arms raised to 90 
degrees (SITN), sitting with the right arm raised flexion to 90 degrees (SITR), standing 
posture with no arms raised (STAN), standing posture with bilateral arms raised flexion to 90 
degrees (STANB), standing with the left arm raised flexion to 90 degrees (STANL), and 
standing with the right arm raised flexion to 90 degrees (STANR) (Table 3 – 2). 
 
Table 3 – 2: Static posture tasks 
Posture Code Posture setting 
1 4PL Four point kneeling with the left arm raised flexion to 90 degrees 
2 4PN Four point kneeling with no arms raised 
3 4PR Four point kneeling with the right arm raised flexion to 90 degrees 
4 SITB Sitting with bilateral arms raised flexion to 90 degrees 
5 SITL Sitting with the left arm raised flexion to 90 degrees 
6 SITN Sitting with no arms raised 
7 SITR Sitting with the right arm raised flexion to 90 degrees 
8 STAN Standing with no arms raised 
9 STANB Standing with bilateral arms raised flexion to 90 degrees 
10 STANL Standing with the left arm raised flexion to 90 degrees 
11 STANR Standing with the right arm raised flexion to 90 degrees 
 
For all standing postures (STAN, STANB, STANL, and STANR) (Figure 3 – 4), subjects 
were required to stand on the board naturally with their back against a wall and to lightly 
touch the wall. Therefore, they were not supported by the wall with their feet approximately 
shoulder-width apart. Thus, the anatomical point most convex from the body (scapulae and/or 
thoracic spine) lightly touched the wall. Arms were positioned beside their body. Foot 
position was marked on a piece of paper using a highlighter pen in order to reproduce the 
standing posture at the second recording session. 
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Standing with no arms raised (STAN) Standing with bilateral arms raised flexion to 90 degrees (STANB) 
 
 
 
 
Standing with the left arm raised flexion to 90 
degrees (STANL) 
Standing with the right arm raised flexion to 90 
degrees (STANR) 
 
 
 
 
Figure 3 – 4: Standing posture 
 
For all sitting postures (SITB, SITL, SITN, and SITR)(Figure 3 – 5), subjects were required 
to sit on the flat platform of chair with no back support which was height adjustable so that 
the angle formed between the thigh and calf measured 90 degrees. The mechanical pointers 
were positioned at three anatomical landmark points including the iliac crest, the acromion, 
and the mastoid process in order to reproduce the positions of these body segments in the 
sagittal plane during sitting. Hands were placed on their thighs. Foot position was marked on 
a piece of paper in the same way as for the standing posture.  
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Sitting with bilateral arms raised flexion to 90 
degrees (SITB) 
Sitting with the left arm raised flexion to 90 
degrees (SITL) 
 
 
Sitting with no arms raised (SITN) Sitting with the right arm raised flexion to 90 
degrees (SITR) 
 
 
Figure 3 – 5: Sitting posture 
 
For the standing and the sitting postures (STANB, STANL, STANR, SITB, SITL, and SITR), 
subjects were also required to position the level of flexion 90 degrees on shoulder joint. 
Another mechanical pointer was used to reproduce the arm raised position for the second 
session, and two distances between this pointer and the board against which subjects were 
lightly touching while standing, and between this pointer and the chair which subjects were 
sitting. The purpose of one arm or bilateral arms raised flexion to 90 degrees during sitting 
and standing was to vary the muscle activity of the lumbar paraspinal muscles in order to 
increase the muscle load. At the end of one minute recording, there may be no muscle fatigue 
for normal subjects. In this study, firstly initial recording was examined reliability between 
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different days. When this recording period is reliable, comparison analysis between initial and 
end recording will be carried out.  
 
Four point kneeling (4PL, 4PN, and 4PR) (Figure 3 – 6) involved the subject assuming a 
posture where knees and hands were positioned vertically underneath the corresponding 
shoulder and hip joint. The torso was maintained as flat as possible. Mechanical markers were 
used to guide the position of the thighs, knees, shoulders and hands. In addition, for 4PL and 
4PR, each subject was required to flex their shoulder joint (with a straight arm) to 90 degrees. 
In order to reproduce this shoulder flexion for the second session another mechanical pointer 
was used to measure this height, and distance between this pointer and the board which 
subjects maintained four point kneeling. The purpose of this arm movement was to alter the 
lumbar muscle activity, as was the case with the sitting and standing postures. 
 
Four point kneeling with no arms raised (4PN) 
 
Four point kneeling with the left arm raised 
flexion to 90 degrees (4PL) 
Four point kneeling with the right arm raised 
flexion to 90 degrees (4PR) 
 
 
Figure 3 – 6 : Four point kneeling posture 
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In all postures, subjects were required to visually focus on one specific point in order to avoid 
neck movement during recording. 
 
3.2.5. EMG Recording 
This experiment was developing a diagnostic tool for clinicians to measure the functional 
status of the lumbar paraspinal muscles. To observe muscle fatigue is one method of 
evaluating the functional status. The static posture tasks chosen in the study were associated 
with a low level of muscle contraction of the lumbar paraspinal muscles. Therefore, the signal 
had to be recorded for a long time to compare two different recording periods (initial and last 
recording periods) within a same recording day. 
 
The surface EMG signal was recorded for 60 seconds during sitting and standing (SITB, SITL, 
SITN, SITR, STAN, STANB, STANL, and STANR). The various four point kneeling 
postures (4PL, 4PN, and 4PR) were maintained for 30 seconds during recording. This was 
due to the increased difficulty subjects had in maintaining these postures. The EMG signal 
was amplified, filtered (low pass: 200 Hz, high pass filter: 10 Hz, and 50 Hz notch) using two 
single amplifiers (Bio Amp, ML132, ADInstruments, Castle Hill, NSW) and two dual 
amplifiers (Dual Bio Amp, ML135, ADInstruments, Castle Hill, NSW), fed into a data 
acquisition system (PowerLab / 8s, ADInstruments, Castle Hill, NSW) and stored on 
computer with software (Chart for Macintosh, version 4.1.1, ADInstruments, Castle Hill, 
NSW). The raw data was sampled at 1k Hz. The data were transferred to a text file for further 
biosignal analysis using software (Matlab for windows, version 6.5, Mathworks, MA, US) 
software. Only signal recorded after the point where the posture was considered to be held 
stable was used for the analysis.  
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3.2.6. Signal Processing 
The level of muscle contraction of the lumbar paraspinal muscles associated with maintaining 
the static postures were used in this study is low. When the surface electromyographic (EMG) 
signal recorded from paraspinal muscles is small, the raw EMG signal is often contaminated 
by an electrocardiographic artefact (ECG artefact). Before the raw signal can be processed to 
quantify the level of muscle activation, the ECG artefact must be removed from the raw data. 
This process is called ECG cleaning. A further consideration with regard to signal processing 
was the speed at which subjects raised their arm and then maintained a stable hold in the 
posture. As a result, the raw data that was cleaned was selected from 10 seconds of recording 
judged (via observation of the subject and the signal) to be the point when muscle activity was 
at a steady state for all subjects  
 
a) Manual ECG cleaning technique 
The manual ECG cleaning technique removes the QRS complex of the ECG signal from a 
three second sample of raw data manually (Ragupathy, 2004) (Appendix A – 4). This involved 
finding and then manually ‘removing’ (clipping) the ECG signal from the surface EMG 
record over the length of the analysed signal and then ‘pasting’ (clamping) the free ends of the 
surface EMG signal together (Kamei, Kumar, & Polus, 2004). After that, the root mean 
square (RMS) of a sample window of data (first one second sample of cleaned three second 
data) was calculated as a measure of the level of exertion of the muscle (Figure 3 – 7).  
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Figure 3 – 7 : Manual ECG cleaning for three seconds (after 10 second) 
Surface EMG signal recorded from right lumbar 2/3 superficial multifidus muscle (Right L2/3 M) for 
one subject before and after removal of ECG artefact during sitting posture with no arms raised 
(SITN). Upper trace shows the raw data (the EMG signal + ECG artefact). The horizontal axis refers 
to time (3000 m sec). The vertical axis refers to the amplitude of the recorded data (±4.0E−05 
Voltage). Lower trace shows the cleaned data (only the EMG signal) after removal of the ECG artefact. 
The first one second (1000 m sec) of cleaned data (Red arrow) was taken for further analysis. Note : 
level of amplification was same for both raw and cleaned data.  
 
However, this ECG cleaning technique has two major disadvantages. One issue is that the 
clip-clamp procedure may produce another artefact at the point where the two free ends of the 
cleaning signal are clamped. For example, if the amplitude of the signal at the clipped point is 
higher than the amplitude of the clamped point, a high frequency artefact will be produced. 
This is because these points were not at the zero crossing. Therefore, this difference in the 
amplitude of the signal is a factor that alters frequency properties. Therefore, this may result 
in the signal being distorted. This is a limitation of the manual ECG cleaning technique. 
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Consequently this method is not suitable to investigate the frequency of the cleaned EMG 
signal. Another issue is that this manual method of removing the ECG artefact is very time 
consuming.  
 
For example, if the amplitude of the signal at the clipped point is higher than the amplitude of 
the clamped point, a high frequency artefact will be produced. This difference in the 
amplitude of the signal is a factor that alters frequency properties. Therefore, this may result 
in the signal being distorted. Consequently this method is not suitable to investigate the 
frequency of the cleaned EMG signal. Another issue is that this manual method of removing 
the ECG artefact is very time consuming. 
 
b) Semi-automatic ECG cleaning technique 
The semi-automatic ECG cleaning technique takes a slice of the EMG signal between 
successive R-R waves of the ECG signal (Appendix A – 4). In other words, it avoids the QRS 
complex of the ECG signal on the raw data. Therefore, it is called avoidance ECG cleaning. 
In normal adults, the average heart rate at rest is approximately 70 beats per minute (Berne & 
Levy, 1997). As a result, one ECG artefact might be observed approximately once per second. 
This technique took six slices of 200 milliseconds of the raw data between successive R 
waves of the ECG signal from a 10 second recording of the EMG signal (Figure 3 – 8). As a 
result, this cleaning technique was used to clean approximately a six second of raw data. After 
taking six slices of the raw data, the root mean square (RMS) of the sample window of data 
(200 millisecond duration) was calculated as a measure of the level of exertion of the muscle, 
and the mean of the six RMS values was then calculated. For frequency analysis, the raw 
EMG signal of the sample window of data (200 millisecond duration) was transformed from 
the time domain to the frequency domain, and then the mean frequency was calculated. The 
mean of the six mean frequency values was then calculated.  
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Figure 3 – 8 : Semi-automatic ECG cleaning for five seconds (after 10 second) 
Surface EMG signal recorded from left lumbar 2/3 superficial multifidus muscle (Left L2/3 M) for one 
subject before and after removal of ECG artefact during sitting with the left arm raised flexion to 90 
degrees (SITR). The vertical axis refers to the amplitude of the recorded data (±4.0E−5 Voltage). 200 
m sec samples (Green arrows) between two red dot lines were taken between two QRS complexes of 
the ECG signal. Six slices were taken for five seconds samples of the contaminated data which was 
selected from 10 second (the EMG signal + the ECG artefact).   
 
The semi-automatic ECG cleaning technique does not distort the frequency of the signal. 
However, there is one disadvantage. This cleaning technique captures the raw signal between 
regular R waves of the ECG signal semi-automatically. In other words, this cleaning 
technique avoids the ECG signal in order to calculate the amplitude and frequency of the 
EMG signal. In order to avoid the ECG signal, R intervals which are between R waves on the 
raw data are calculated. However, when the R intervals change, this cleaning technique may 
not avoid the ECG signal. Therefore, the data may still be contaminated by the ECG artefact. 
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Consequently, the semi-automatic ECG cleaning technique is not suitable for a subject with 
an irregular heart beat. 
 
3.2.7. Normalising data 
In order to compare the amplitude of the signal between different recording days, it is 
required to be normalised. This is because the EMG signal is influenced by several factors 
including the proportion of subcutaneous fat tissue (Farina & Rainoldi, 1999), skin 
preparation and inter-electrode distance (Beck et al., 2005). Normalised method can minimise 
these differences between recording sessions. The most common normalisation method uses 
the maximum voluntary isometric contraction (MVC) as a reference muscle contraction. 
However, there is no evidence which chiropractors measure the MVC in order to normalise 
the amplitude of the surface EMG signal recorded from paraspinal muscles in clinical practice. 
Therefore, in this study, the MVC was not measured. As a result, in this study, the reliability 
of the surface EMG signal recorded from the lumbar paraspinal muscles had to be examined 
without a reference muscle contraction. In order to normalise the amplitude of the EMG 
signal, one electrode site was chosen as the reference electrode site in this study. Left lumbar 
4/5 superficial multifidus muscle (Left L4/5 M) was used as the reference site. Then, other 
medial electrode sites were divided by this reference electrode site (Figure 3 – 9). Therefore, 
three ratios were totally calculated within the medial muscle group. If the amplitude of the 
surface signal is reproduced, each relationship (ratio) between muscles should be same 
between different recording days.  
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Left L4/5 M 
(Reference electrode site) 
Ratio 3 
Ratio 1 
Ratio 2 
Right L4/5 M 
Right L2/3 M Left L2/3 M 
 
Figure 3 – 9 : Schematic of normalisation procedure used for medial muscle group 
Left L4/5 M electrode site was used as a reference electrode site in order to normalise the amplitude of 
the surface EMG signal within the medial muscle group. Other medial electrode sites were divided by 
this reference electrode sites (Left L4/5 M). L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 
M : lumbar 4/5 superficial multifidus muscle. 
 
3.2.8. Statistical analysis 
After removal of the ECG artefact by the manual ECG cleaning technique, the amplitude of 
the cleaned data (only the EMG signal) was expected to be lower than the raw data (the EMG 
signal and the ECG signal). Therefore, a one-tailed paired t-test was chosen to compare 
differences between the raw and cleaned data with respect to the amplitude of the recorded 
signal for each electrode site. A significance level of 0.05 was accepted as representing a 
significant change for this study. 
 
The purpose of this study was to evaluate the reliability of the processed surface EMG signal 
between different recording days for individual electrode sites. Intraclass correlation 
coefficient (ICC) were used to examine the reliability of the processed surface EMG signal 
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between different days for individual electrode sites for normalised and non-normalised RMS 
values and non-normalised mean frequency (Portney & Watkins, 2000). There is no set 
standard of acceptable reliability (Portney & Watkins, 2000), although Fleiss (1986) has 
suggested that an ICC value below 0.4 is an indication of poor reliability, an ICC value 
between 0.4 and 0.7 is an indication of good reliability, and an ICC value above 0.75 is an 
indication of excellent reliability. Moreover, the score of acceptable reliability must be made 
within the context of each study (Portney & Watkins, 2000). In this study, an ICC value 
above 0.75 was used as the measure of acceptable reliability. This value is consistent with that 
used in previous EMG studies (Danneels, Cagnie et al., 2001; Lehman, 2002). The first step 
in this study was to examine the reliability of the surface EMG for the initial recording period 
(after 10 seconds) between two different recording days. The second step was to compare two 
different recording periods (the initial and last recording periods) when the reliability of the 
surface EMG signal for the initial recording period is good (ICC ≥ 0.75) within a same 
recording day. The Statistical Package for Social Sciences (SPSS for Windows, version 11, 
Chicago, IL, US) and the statistical program (Minitab for windows, version 12, Minitab Inc., 
State College, PA, US) were used to do these statistical analyses.  
 
3.3. Results 
3.3.1. Skin Impedance 
Skin impedance is one important factor which may affect the quality of the EMG signal. Skin 
impedance was measured for all electrode sites by a multimeter at each session. A two tailed 
paired t-test was used to examine for differences in skin impedance for all electrode sites 
between the two different sessions (day 1 and day 2). The results of the skin impedance 
analysis for all electrode sites are summarised in Figure 3 – 10 (Appendix A – 5). The 
statistical test showed no significant difference (p > 0.05) between the two different recording 
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sessions for all electrode sites. Skin cleaning was the same between the two different 
recording sessions.  
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Figure 3 – 10 : Skin impedance on day 1 and day 2 
Data plotted are Means + standard deviation of skin impedance (k Ohm). Skin impedance was compared 
between day 1 (     ) and day 2 (     ) using a two tailed paired t-test. There was  no significant difference 
(p > 0.05) between day 1 (     ) and day 2 (     ) for all electrode sites with  respect to skin impedance. 
L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : 
lumbar 4/5 superficial multifidus muscle.  
 
 
3.3.2. Visual inspection for the ECG artefact 
It is important to visualise the raw recorded EMG signal before processing signal in order to 
verify whether the EMG signal is contaminated by any artefact or noise (Cram & Rommen, 
1989). In specific circumstances, the ECG artefact can be a much larger component of the 
recorded signal than the raw EMG signal. However, this is not always the case after signal 
processing. In addition, the frequency of the ECG artefact depends on the individual’s heart 
rate. Therefore, in order to identify the ECG artefact and the EMG signal, firstly a visual 
inspection of a three-second period of the recorded signal was performed.  
 
a) Four point kneeling posture 
During the surface EMG recording, a sudden change in the amplitude of the surface EMG 
signal was observed in some subjects when one arm was raised flexion to 90 degrees and was 
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most likely a motion artefact. In these cases, the surface EMG signal was re-recorded after a 
short period of rest. This observation was considered evidence of the difficulty subjects had in 
maintaining four kneeling posture with one arm raised flexion to 90 degrees.  
 
The results of the visual inspection for the ECG artefact for the various four point kneeling 
postures are summarised in Appendix A – 6. The four point kneeling with one arm raised 
flexion to 90 degrees (4PL and 4PR) was less likely to be contaminated by the ECG artefact 
when compared with the four point kneeling with no arms raised (4PN). However, in some 
subjects, the ECG artefact was observed during the four point kneeling with one arm raised 
flexion to 90 degrees (4PL and 4PR).   
 
b) Sitting posture 
The results of the visual inspection for the ECG artefact during sitting are summarised in 
Appendix A – 6. The sitting with no arms raised (SITN) had more number of electrode sites 
which were contaminated by the ECG artefact, and the sitting with bilateral arms raised 
flexion to 90 degrees (SITB) had less number of electrode sites which were contaminated by 
the ECG artefact when compared with other three sitting postures.  
 
c) Standing posture 
The results of the visual inspection for the ECG artefact during standing are summarised in 
Appendix A – 6. The standing with no arms raised (STAN) had more number of electrode sites 
which were contaminated by the ECG artefact, and the standing with bilateral arms raised 
flexion to 90 degrees (STANB) had less number of electrode sites which were contaminated 
by the ECG artefact when compared with other three standing postures.  
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3.3.3. ICC analysis for the sitting with no arms raised (SITN) for 10 
subjects 
This analysis evaluated how the amplitude of the EMG signal and the reliability between two 
different recording sessions were influenced by the ECG artefact. Therefore, in this analysis 
the raw data must be contaminated by an ECG artefact for both recording sessions (day 1 and 
day 2). In sitting with no arms raised (SITN) only 10 out of the 20 subjects had an EMG 
signal that was consistently contaminated by an ECG artefact for all six electrode sites during 
both recording sessions. Data from these subjects only were considered for further analysis.  
 
a) Amplitude of the EMG signal before and after the ECG removal by the manual ECG 
cleaning technique 
First, the ECG artefact was manually removed from the three-second raw data sample for 
each recording site. The amplitude of the cleaned data (only the EMG signal) would be 
expected to be smaller than the raw data (the EMG signal + the ECG artefact). Therefore, a 
one-tailed paired t-test was used to test whether there was a difference in the amplitude 
between the raw (the EMG signal + the ECG artefact) and cleaned data (only the EMG signal). 
There was a significant difference (p < 0.05) between the raw and cleaned data for all 
electrode sites and both recording days (Figure 3 – 11) (Appendix A – 7). 
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Figure 3 – 11 : RMS — Raw data vs Cleaned data before and after ECG removal  
 
Amplitude of the surface EMG signal before (     ) and after (     ) signal was cleaned to remove the ECG 
artefact by the manual ECG cleaning technique. Comparisons were made for data collected on day 1 (D1) 
and day 2 (D2) for each electrode site using a one-tailed paired t-test. There was a consistent statistically 
significant reduction in amplitude of the EMG after removal of ECG artefact, demonstrating that the ECG 
artefact made a significant contribution to the overall amplitude of the EMG signal recording during sitting 
with no arms raised (SITN). Data plotted are Means + standard deviation of root mean square (RMS), which 
is an indication of the level of exertion of the muscle. * p < 0.05. L2/3 L : lumbar 2/3 iliocostalis muscle. 
L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle. 
 
 
b) ICC analysis of non-normalised amplitude 
After calculating the RMS values for the raw and cleaned data (the uncontaminated EMG 
signal) for all 20 subjects, the ICC were used to determine the reliability (between different 
day recordings) of the surface EMG signal for the raw and cleaned data. ICC ≥ 0.75 was an 
indication of acceptable reliability. Except for one electrode site, in the uncontaminated EMG 
signal, the reliability was higher than the raw data. Moreover, for the medial muscle group, 
the upper level (L2/3) site was more reliable than the lower level (L4/5) site (Table 3 – 3). 
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Table 3 – 3 : ICC for non-normalised data with respect to RMS – Raw and 
cleaned data during sitting posture with no arms raised (SITN) 
ICC Electrode site 
Raw data Cleaned data 
L2/3 L 0.637 0.709 ↑ 
L2/3 M 0.594 0.655 ↑ Right 
L4/5 M 0.391 0.283 
L2/3 L 0.726 0.916 ↑‡ 
L2/3 M 0.756 0.813 ↑‡ Left 
L4/5 M 0.066 0.161 ↑ 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). "↑" indicates that ICC value was improved after the ECG removal. L2/3 
L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 
4/5 superficial multifidus muscle.  
 
c) ICC analysis of normalised amplitude 
After calculating the RMS values for the raw and cleaned data (the uncontaminated EMG 
signal) for all 20 subjects, the ICC was used to determine the reliability (between different 
day recordings) of the surface EMG signal for the raw and cleaned data with respect to the 
normalised amplitude of the signal. The results of the ICC are summarised in Table 3 – 4. -
After removal of the ECG artefact, the ICC value was improved for all electrode sites, 
however, two out of three electrode sites were below 0.75, which is an indication of poor to 
moderate reliability in this study (Table 3 – 4). 
 
Table 3 – 4 : ICC for normalised data with respect to RMS – Raw and 
cleaned data during sitting posture with no arms raised (SITN) 
ICC Ratio 
Refer to Left L4/5 M Raw data Cleaned data 
Ratio 1 Right L2/3 M 0.644 0.656 ↑ 
Ratio 2 Right  L4/5 M 0.111 0.244 ↑ 
Ratio 3 Left  L2/3 M 0.592 0.818 ↑‡ 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). "↑" indicates that the ICC value was improved after ECG removal. L2/3 
M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle.  
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3.3.4. ICC analysis for non-normalised data of static postures 
a) EMG signal cleaned by the manual ECG cleaning technique 
After visual inspection of the ECG artefact and ECG cleaning, RMS values for the cleaned 
data (the uncontaminated EMG signal) for all electrode sites for all 20 subjects were 
calculated. The ICC was used to examine the reliability (between different days of recording) 
of the surface EMG signal for all electrode sites.  
 
The results of the ICC for the four point kneeling postures are summarised in Table 3 – 5. The 
four point kneeling posture with the left arm raised flexion to 90 degrees (4PL) had more 
electrode sites demonstrating good reliability (ICC ≥ 0.75) when compared to the other four 
point kneeling postures (Table 3 – 5). For these postures, only one electrode site had good 
reliability.  
 
Table 3 – 5 : ICC for four point kneeling posture with respect to RMS 
of the signal cleaned by the manual ECG cleaning technique 
ICC 
Electrode site 4PL 4PN 4PR 
L2/3 L 0.880‡ -0.020 0.786‡ 
L2/3 M 0.688 0.047 0.602 Right 
L4/5 M 0.681 0.006 0.031 
L2/3 L 0.637 0.405 0.184 
L2/3 M 0.873‡ 0.786‡ 0.361 Left 
L4/5 M 0.841‡ -0.028 0.487 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 L : lumbar 2/3 Iliocostalis muscle. L2/3 M : lumbar 2/3 superficial 
multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle. 4PL refers to four point 
kneeling with the left arm raised flexion to 90 degrees. 4PN refers to four point kneeling with no arms 
raised. 4PR refers to four point kneeling with the right arm raised flexion to 90 degrees.  
 
The results of the ICC for sitting posture group are summarised in Table 3 – 6. Sitting with 
one arm raised flexion to 90 degrees (SITL and SITR) had more electrode sites demonstrating 
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good reliability (ICC ≥ 0.75) when compared with the sitting posture with no arms (SITN) or 
bilateral arms raised flexion to 90 degrees (SITB). For these postures only two electrode sites 
had good reliability (ICC ≥ 0.75).  
 
 
Table 3 – 6 : ICC for sitting postures with respect to RMS with respect to 
RMS of the signal cleaned by the manual ECG cleaning technique 
ICC Electrode site SITB SITL SITN SITR 
L2/3 L 0.733 0.835‡ 0.709 0.672 
L2/3 M 0.507 0.775‡ 0.655 0.825‡ Right 
L4/5 M 0.569 0.715 0.283 0.475 
L2/3 L 0.843‡ 0.906‡ 0.916‡ 0.914‡ 
L2/3 M 0.824‡ 0.903‡ 0.813‡ 0.871‡ Left 
L4/5 M 0.741 0.826‡ 0.161 0.847‡ 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial 
multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle. SITB refers to sitting with 
bilateral arms raised flexion to 90 degrees. SITL refers to sitting with the left arm raised flexion to 90 
degrees. SITN refers to sitting with no arms raised. SITR refers to sitting with the right arm raised 
flexion to 90 degrees.  
 
The results of the ICC for standing posture group are summarised in Table 3 – 7. Standing 
posture with one arm raised flexion to 90 degrees (STANL and STANR) had more electrode 
sites demonstrating good reliability (ICC ≥ 0.75) than the standing posture with no arms 
raised (STAN) or bilateral arms raised flexion to 90 degrees (STANB). For standing posture 
with no arms raised (STAN), there were no electrode sites demonstrating good reliability 
(ICC ≥ 0.75). 
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Table 3 – 7 : ICC for standing posture with respect to RMS with respect 
to RMS of the signal cleaned by the manual ECG cleaning technique 
ICC 
Electrode site 
STAN STANB STANL STANR 
L2/3 L 0.304 0.366 0.615 0.458 
L2/3 M 0.529 0.609 0.805‡ 0.796‡ Right 
L4/5 M 0.647 0.859‡ 0.907‡ 0.878‡ 
L2/3 L 0.714 0.395 0.689 0.888‡ 
L2/3 M 0.687 0.673 0.829‡ 0.749 Left 
L4/5 M 0.634 0.871‡ 0.885‡ 0.814‡ 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial 
multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle. STAN refers to standing with 
no arms raised to 90 degrees. STANB refers to standing with bilateral arms raised flexion to 90 
degrees. STANL refers to standing with the left arm raised flexion to 90 degrees. STANR refers to 
standing with the right arm raised flexion to 90 degrees. 
 
Static postures (including four point kneeling, sitting, and standing) with no arms raised had 
the poorer reliability of the surface EMG signal than posture with one arm or bilateral arms 
raised flexion to 90 degrees for each posture. Only standing posture with one arm raised 
flexion to 90 degrees (STANL and STANR) had good reliability (ICC ≥ 0.75) with respect to 
the medial muscle groups including L2/3 and L4/5 superficial multifidus muscles. 
 
b) EMG signal cleaned by the semi-automatic ECG cleaning technique 
When the raw data was cleaned by the manual ECG removal, for five of the static postures at 
least three electrode sites had good reliability (ICC ≥ 0.75) with respect to RMS values. The 
raw data of these postures which was taken from a 10 second recording was cleaned by the 
semi-automatic ECG cleaning technique (Please see section 3.2.6. b) Semi-automatic ECG 
cleaning technique, Page 88).  
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The ICC was used to determine the reliability (between different days of recording) of the 
amplitude and frequency of the signal for each electrode site. The value 0.75 was adopted as 
an acceptable level of reliability. The results of the ICC analysis for these electrode sites are 
summarised in Tables 3 – 8 and 3 – 9.  
 
For the amplitude of the signal, standing with the left arm raised flexion to 90 degrees 
(STANL) had more electrode sites which had good reliability (ICC ≥ 0.75) when compared 
with the other four postures. Three electrode sites had good reliability (ICC ≥ 0.75) for the 
four point kneeling with the left arm raised flexion to 90 degrees (4PL), and the sitting with 
the left arm raised flexion to 90 degrees (SITL). The sitting posture with the right arm raised 
flexion to 90 degrees (SITR) had two electrode sites which had good reliability (ICC ≥ 0.75). 
There was no electrode site which had good reliability (ICC ≥ 0.75) for the standing posture 
with the right arm raised flexion to 90 degrees (STANR). 
 
Table 3 – 8 : ICC with respect to RMS of the signal cleaned by the 
semi-automatic ECG cleaning technique 
ICC Electrode site 4PL SITL SITR STANL STANR 
L2/3 L 0.863‡ 0.817‡ 0.770‡ 0.613 0.520 
L2/3 M 0.693 0.772‡ 0.656 0.766‡ 0.733 Right 
L4/5 M 0.591 0.579 0.355 0.875‡ 0.845‡ 
L2/3 L 0.586 0.765‡ 0.774‡ 0.835‡ 0.687 
L2/3 M 0.914‡ 0.732 0.683 0.904‡ 0.895‡ Left 
L4/5 M 0.891‡ 0.738 0.536 0.925‡ 0.902‡ 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial 
multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle. 4PL refers to four point 
kneeling with left arm raised flexion to 90 degrees. SITL refers to sitting with the left arm raised 
flexion to 90 degrees. SITR refers to sitting with the right arm raised flexion to 90 degrees. STANL 
refers to standing with the left arm raised flexion to 90 degrees. STANR refers to standing with the 
right arm raised flexion to 90 degrees. 
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For mean frequency, only one electrode site had good reliability (ICC ≥ 0.75) for standing 
posture with the left arm raised flexion to 90 degrees (STANL). Furthermore, for other 
postures all electrodes sites had poor reliability (ICC < 0.70).  
 
 Table 3 – 9 : ICC with respect to mean frequency of the signal cleaned 
by the semi-automatic ECG cleaning technique 
ICC 
Electrode site 4PL SITL SITR STANL STANR 
L2/3 L 0.521 0.456 0.415 0.331 0.345 
L2/3 M 0.386 0.495 0.499 0.670 0.648 Right 
L4/5 M 0.353 0.161 0.159 0.307 0.223 
L2/3 L 0.667 -0.074 0.021 0.565 -0.193 
L2/3 M 0.678 0.375 0.447 0.835‡ 0.522 Left 
L4/5 M 0.319 -0.013 -0.895 0.199 0.363 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial 
multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle. 4PL refers to four point 
kneeling posture with the left arm raised flexion to 90 degrees. SITL refers to sitting posture with the 
left arm raised flexion to 90 degrees. SITR refers to sitting posture with the right arm raised flexion 
to 90 degrees. STANL refers to standing posture with the left arm raised flexion to 90 degrees. 
STANR refers to standing posture with the right arm raised flexion to 90 degrees. 
 
3.3.5. Reliability of recorded surface EMG of the lumbar paraspinal 
muscles during maintenance of static postures under three different 
conditions (raw data, cleaned data by the manual ECG cleaning 
technique, and cleaned data by the semi-automatic ECG cleaning 
technique) 
In this analysis, reliability of the EMG signal was examined under three different conditions 
in order to define whether two different ECG cleaning techniques can improve the reliability. 
Five static postures (4PL, SITL, SITR, STANL, and STNAR) which had at least three reliable 
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(ICC ≥ 0.75) electrode sites after the manual ECG cleaning were used to determine reliability 
without ECG cleaning. The RMS was calculated for one second sample after 10 second 
period for these postures for each electrode site and subject. The ICC was used to examine the 
reliability of the surface EMG signal between two different days of recording with respect to 
the non-normalised RMS value. The results of the ICC under three different conditions for 
five postures are summarised in Tables 3 – 10, 3 – 11, and 3 – 12 
 
For the four point kneeling with the left arm raised flexion to 90 degrees (4PL), the ICC was 
improved by both ECG cleaning techniques for five out of six electrode sites.  
 
Table 3 – 10 :  ICC under three different data for four point kneeling posture 
ICC 
4PL Electrode site 
Raw Manual Semi 
L2/3 L 0.860‡ 0.880↑‡ 0.863↑‡ 
L2/3 M 0.736 0.688 0.693 Right 
L4/5 M 0.531 0.681↑ 0.591↑ 
L2/3 L 0.509 0.637↑ 0.586↑ 
L2/3 M 0.846‡ 0.873↑‡ 0.914↑‡ Left 
L4/5 M 0.812‡ 0.841↑‡ 0.891↑‡ 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). "↑" indicates that the ICC value was improved after ECG removal. L2/3 
L : lumbar 2/3 Iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 
4/5 superficial multifidus muscle. "Raw" refers to the raw data of the recorded surface EMG signal. 
"Manual" refers to the raw data was cleaned by the manual ECG cleaning technique. "Semi" refers to 
the raw data was cleaned by the semi-automatic ECG cleaning technique. 4PL refers to four point 
kneeling with the left arm raised flexion to 90 degrees.  
 
For the sitting with one arm raised flexion to 90 degrees (SITL and SITR), the manual ECG 
cleaning technique improved the ICC score for five out of six electrode sites. In contrast, the 
semi-automatic ECG cleaning technique improved only two out of six electrode sites for 
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sitting with the left arm raised flexion to 90 degrees (SITL) and none were improved by this 
technique when the right arm was raised flexion to 90 degrees (SITR). 
 
Table 3 – 11 :  ICC under three different data for sitting posture 
ICC 
SITL SITR Electrode site 
Raw Manual Semi Raw Manual Semi 
L2/3 L 0.836‡ 0.835‡ 0.817‡ 0.772‡ 0.672 0.770‡ 
L2/3 M 0.731 0.775↑‡ 0.772↑‡ 0.665 0.825↑‡ 0.656 Right 
L4/5 M 0.643 0.715↑ 0.579 0.422 0.475↑‡ 0.355 
L2/3 L 0.888‡ 0.906↑‡ 0.765‡ 0.908‡ 0.914↑‡ 0.774‡ 
L2/3 M 0.798‡ 0.903↑‡ 0.732 0.804‡ 0.871↑‡ 0.683 Left 
L4/5 M 0.592 0.826↑‡ 0.738↑ 0.641 0.847↑‡ 0.536 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). "↑" indicates that the ICC value was improved after ECG removal. L2/3 
L : lumbar 2/3 Iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 
4/5 superficial multifidus muscle. "Raw" refers to the raw data of the recorded surface EMG signal. 
"Manual" refers to the raw data was cleaned by the manual ECG cleaning technique. "Semi" refers to 
the raw data was cleaned by the semi-automatic ECG cleaning technique. SITL refers to sitting with 
the left arm raised flexion to 90 degrees. SITR refers to sitting with the right arm raised to 90 degrees. 
 
Both ECG cleaning techniques improved ICC score for all electrode sites for standing with 
the left arm raised flexion to 90 degrees (STANL). For standing posture with the right arm 
raised flexion to 90 degrees (STANR), the manual ECG cleaning technique improved ICC 
values for all electrode sites, however, the semi-automatic ECG cleaning technique improved 
only three out of six electrode sites.   
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Table 3 – 12 :  ICC under three different data for standing posture 
ICC 
STANL STANR Electrode site 
Raw Manual Semi Raw Manual Semi 
L2/3 L 0.402 0.615↑ 0.613↑ 0.387 0.458↑ 0.520↑ 
L2/3 M 0.718 0.805↑‡ 0.766↑‡ 0.552 0.796↑‡ 0.733↑ Right 
L4/5 M 0.862‡ 0.907↑‡ 0.875↑‡ 0.850‡ 0.878↑‡ 0.845‡ 
L2/3 L 0.558 0.689↑ 0.835↑‡ 0.822‡ 0.888↑‡ 0.687 
L2/3 M 0.522 0.829↑‡ 0.904↑‡ 0.699 0.749↑ 0.895↑‡ Left 
L4/5 M 0.695 0.885↑‡ 0.925↑‡ 0.798‡ 0.814↑‡ 0.902↑‡ 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). "↑" refers ICC value was improved after the ECG removal. L2/3 L : 
lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 
4/5 superficial multifidus muscle. Raw" refers to the raw data of the recorded surface EMG signal. 
"Manual" refers to the raw data was cleaned by the manual ECG cleaning technique. "Semi" refers to 
the raw data was cleaned by the semi-automatic ECG cleaning technique. STANL refers to standing 
with the left arm raised flexion to 90 degrees. STANR refers to standing with the right arm raised 
flexion to 90 degrees.  
 
3.3.6. ICC analysis for normalised data 
a) EMG signal cleaned by the manual ECG cleaning technique 
After manual removal of the ECG artefact, the RMS values for the cleaned data (the 
uncontaminated EMG signal) for all 20 subjects were calculated using a one-second data 
sample. The RMS was normalised relative to one electrode site (Left lumbar 4/5 superficial 
multifidus muscle) (Left L4/5 M) of the medial muscle group. The ICC was examined for 
reliability (between different days of recording) of the surface EMG signal for each ratio.  
 
The results of the ICC analysis of the normalised amplitude of the cleaned signal for all the 
four point kneeling postures are summarised in Table 3 – 13. The four point kneeling posture 
with the left arm raised flexion to 90 degrees (4PL) had good reliability (ICC ≥ 0.75) for one 
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electrode site. However, for the other four point kneeling postures there was poor reliability 
(ICC < 0.75) for three ratios.  
 
 
 
 
 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 
superficial multifidus muscle. 4PL refers to four point kneeling with the left arm raised flexion to 90 
degrees. 4PN refers to four point kneeling with no arms raised. 4PR refers to four point kneeling with 
the right arm raised flexion to 90 degrees.  
 
The results of the ICC analysis of the normalised amplitude of the cleaned signal for all sitting 
postures are summarised in Table 3 – 14. For the sitting posture group with bilateral arms 
raised flexion to 90 degrees (SITB), no electrode sites had good reliability (ICC ≥ 0.75). The 
sitting posture with no arms raised (SITN) or one arm raised flexion to 90 degrees (SITL and 
SITR) had good reliability (ICC ≥ 0.75) for at least one of three electrode sites.  
 
 
 
 
 
 
Table 3 – 13 :  ICC of normalised signal cleaned by the manual ECG 
cleaning technique for four point kneeling posture 
ICC Ratio 
Refer to Left L4/5 M 4PL 4PN 4PR 
Ratio 1 Right L2/3 M  0.804‡ 0.256 0.354 
Ratio 2 Right L4/5 M  0.726 0.213 -0.160 
Ratio 3 Left L2/3 M  0.730 0.600 -0.158 
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"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 
superficial multifidus muscle. SITB refers to sitting with bilateral arms raised flexion to 90 degrees. 
SITL refers to sitting with the left arm raised flexion to 90 degrees. SITN refers to sitting with no arms 
raised. SITR refers to sitting with the right arm raised flexion to 90 degrees.  
 
The results of the ICC analysis of the normalised amplitude of the cleaned signal for all 
standing postures are summarised in Table 3 – 15. For the standing posture with the left arm 
raised flexion to 90 degrees (STANL), all three electrode sites had good reliability (ICC ≥ 
0.75). In contrast, the other three standing postures had good reliability (ICC ≥ 0.75) for at 
least one electrode site.  
 
 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 
superficial multifidus muscle. STAN refers to standing with no arms raised. STANB refers to standing 
with bilateral arms raised flexion to 90 degrees. STANL refers to standing with the left arm raised 
flexion to 90 degrees. STANR refers to standing with the right arm raised flexion to 90 degrees.  
Table 3 – 14 :  ICC of normalised signal cleaned by the manual ECG cleaning technique 
for sitting posture 
ICC Ratio 
Refer to Left L4/5 M SITB SITL SITN SITR 
Ratio 1 Right L2/3 M 0.232 0.864‡ 0.656 0.680 
Ratio 2 Right L4/5 M 0.385 0.714 0.244 0.514 
Ratio 3 Left L2/3 M 0.504 0.489 0.818‡ 0.751‡ 
Table 3 – 15 :  ICC of normalised signal cleaned by the manual ECG 
cleaning technique for standing posture 
ICC Ratio 
Refer to Left L4/5 M STAN STANB STANL STANR 
Ratio 1 Right L2/3 M  0.280 0.647 0.800‡ 0.573 
Ratio 2 Right L4/5 M 0.081 0.855‡ 0.872‡ 0.725 
Ratio 3 Left L2/3 M  0.776‡ 0.751‡ 0.780‡ 0.802‡ 
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In this analysis for normalised data, only two static postures: four point kneeling with the left 
arm raised flexion to 90 degrees (4PL) and standing with the left arm raised flexion to 90 
degrees (STANL) had good reliability (ICC ≥ 0.75) for all electrode sites.  
 
b) EMG signal cleaned by the semi-automatic ECG cleaning technique 
In this analysis, only non-normalised data which demonstrated good reliability of static 
postures after manual ECG cleaning were analysed. Therefore, a total five static postures were 
analysed including 4PL, SITL, SITR, STANL, and STANR. After semi-automatic ECG 
cleaning of the signal recorded during maintenance of these postures, RMS value was 
calculated for all electrode sites. These RMS values were then normalised relative to the one 
reference electrode site (Left lumbar 4/5 multifidus muscle) (Left L4/5 M) as previously 
described (Please see Section 3.2.7. Normalising data, Page 90 – 91). The results of the ICC 
analysis for normalised data are summarised in Table 3 – 16. 
 
Table 3 – 16 :  ICC of normalised signal cleaned by the semi-automatic ECG cleaning 
technique 
ICC Ratio 
Refer to Left L4/5 M 4PL SITL SITR STANL STANR 
Ratio 1 Right L2/3 M  0.851‡ 0.877‡ 0.468 0.691 0.707 
Ratio 2 Right L4/5 M  0.651 0.841‡ 0.483 0.744 0.641 
Ratio 3 Left L2/3 M  0.814‡ 0.440 0.390 0.720 0.569 
 
"ICC" refers to Intraclass correlation coefficient. All values reported are ICC values. "‡" indicates 
good reliability (ICC ≥ 0.75). L2/3 M : to lumbar 2/3 superficial multifidus muscle. L4/5 M : to 
lumbar 4/5 superficial multifidus muscle. 4PL refers to four point kneeling with the left arm raised 
flexion to 90 degrees. SITL refers to sitting with the left arm raised flexion to 90 degrees. SITR refers 
to sitting with the right arm raised flexion to 90 degrees. STANL refers to standing with the left arm 
raised flexion to 90 degrees. STANR refers to standing with the right arm raised flexion to 90 degrees.  
 
                               Chapter 3 : Surface EMG recording of the lumbar paraspinal muscles under static conditions 
109 
Four point kneeling posture with the left arm raised flexion to 90 degrees (4PL), and the 
sitting posture with the left arm raised flexion to 90 degrees (SITL) demonstrated good 
reliability overall electrode sites.  
 
3.4. Discussion 
The aim of this experiment was to determine the reliability of the surface EMG signal to 
measure low back muscle activity during maintenance of the simple static postures on two 
different days.  
 
3.4.1. Skin impedance 
Skin impedance is necessary to consider in order to record good quality surface EMG signal. 
In this study, skin impedance was not changed significantly between two different day 
recordings. Therefore, the effect of skin impedance on the recorded signal was minimised. As 
a result, it may not affect the reliability of the EMG signal between two different recording 
days. If the skin impedance changed between two different recording sessions, the EMG 
signal would be expected to show in different results. 
 
3.4.2. Visual inspection of the ECG artefact 
Visual inspection is important to define whether the surface EMG signal is contaminated by 
any noise or artefacts before signal processing (Basmajian & De Luca, 1985c). During static 
posture with no arm raised, the amplitude of the surface EMG signal was lower than the 
posture with one arm or bilateral arms raised flexion to 90 degrees. As a result, for each static 
posture with no arm raised (4PN, and SITN, and STAN) the surface EMG signal was highly 
likely to be contaminated by an ECG artefact. Changing the load by altering the position of 
the body’s centre of gravity also changes the amount of works that the back muscles need to 
do in order to support the posture.  
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Figure 3 – 12 :  Uncleaned surface EMG signal during sitting with no arms raised (SITN) and 
with bilateral arms raised to 90 degrees (SITB) 
 
Surface EMG signal was recorded from right lumbar 2/3 superficial multifidus muscle (Right L2/3 M) 
for one subject. The horizontal axis refers to time (5000m seconds). The vertical axis refers to the 
amplitude of the recorded signal (±8.0E−05 Voltage). Left trace refers to electrical activity recorded 
during sitting with no arms raised (SITN). No presence of distinct ECG artefact appearing as less than 
one second periodically. Right trace refers to sitting with bilateral arms raised flexion to 90 degrees 
(SITB). Note : these EMG signals were recorded from same electrode site on the same subject using 
the same level of amplification.  
 
When bilateral arms were raised flexion to 90 degrees, the centre of gravity of the body 
shifted forward. The lumbar paraspinal muscles must increase their contraction to counteract 
this forward shift of the centre of gravity. Although raising the arms in front of the body 
caused only a small posture change compared with sitting with no arms raised, a large change 
in the amplitude of the surface EMG signal occurred which indicates a large change in the 
degree of muscle force required to support the new posture. In addition, the amplitude of the 
EMG signal now became larger than that of the ECG artefact. Figure 3 – 12 indicates that 
small changes in body posture are associated with significant changes in muscle force 
required to support the trunk against gravity. Consequently, the ECG artefact became an 
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insignificant component of surface EMG signal recorded during static posture with one arm or 
bilateral arms raised flexion to 90 degrees.  
 
3.4.3. Manual ECG cleaning on the sitting with no arms raised for 10 
subjects 
There was a consistent appearance of the ECG artefact for all electrode sites used for most 
subjects in this study. Manual ECG cleaning technique removed the ECG artefact from the 
raw data (the surface EMG signal + the ECG artefact). As a result, the cleaned data (only the 
EMG signal) was significantly (p < 0.05) smaller than the raw data with respect to the 
amplitude of the signal for all electrode sites. This is because the ECG artefact is a large 
component of the surface EMG recorded during sitting with no arms raised (SITN). The 
reliability of the surface EMG was improved after the ECG cleaning on the non-normalised 
and normalised data. One explanation for this improvement is because the ECG artefact is a 
large and non-uniform component of the recorded signal. Its contribution to the value of the 
mean amplitude of the signal is significant. Further, as the actual waveform of the ECG is not 
constant, it is highly likely that each mean amplitude measure of the surface EMG signal will 
be uniquely affected by the ECG artefact (Figures 3 – 7 and 3 – 12 that give examples of the 
ECG artefact). As a result, manual ECG cleaning technique improves the ICC score. In 
clinical practice, the recorded signal may also be contaminated by a variable number of ECG 
artefacts on any given recording session. For example, if on the first day the recorded data 
contains one ECG artefact, and then on the second day the signal contains two or more ECG 
artefacts, the ICC would be expected to be low. As a result, when the surface EMG signal is 
contaminated by an ECG artefact, ECG cleaning is an important process to improve reliability 
before further signal processing occurs. 
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3.4.4. Reliability 
When the EMG signal was contaminated by the ECG artefact, the signal was cleaned by the 
manual ECG cleaning technique. Next, the reliability of this cleaned EMG signal was 
investigated between non-normalised and normalised data. When static posture had good 
reliability (ICC ≥ 0.75) for more than three electrode sites on non-normalised data, the raw 
data of this signal was cleaned by the semi-automatic ECG cleaning technique. After that the 
reliability of this cleaned EMG signal was examined for non-normalised and normalised data. 
 
I. Reliability of non-normalised data 
The following studies have compared the surface EMG signal recorded from back muscles 
during static posture including sitting (Gentempo, 1990; Gentempo & Kent, 1990; Kelly & 
Boone, 1998; Kent & Gentempo, 1990a, 1992, 1995) and standing (Marcarian, 2002) with a 
normative data set with respect to the amplitude of the signal (Kent & Gentempo, 1990a). 
However, it was not apparent in these previous studies whether a normalised method was 
used to compare between normal and abnormal population groups. Therefore, in the present 
study, the cleaned EMG signal was initially examined for reliability between different days 
without normalisation technique.  
 
a) EMG signal cleaned by the manual ECG cleaning technique 
Static posture with no arms raised had less number of electrode sites which had good 
reliability (ICC ≥ 0.75) when the EMG signal was cleaned by the manual ECG cleaning 
technique. However, when one arm or bilateral arms were raised flexion, the number of 
electrode sites had good reliability (ICC ≥ 0.75) was increased, presumably due to an 
increased level of muscle activity. Therefore, the number of electrode sites which had ECG 
contamination was reduced compared with static posture with no arms raised. When the level 
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of muscle activity was increased, the surface EMG signal recorded from the lumbar 
paraspinal muscles becomes more reliable.  
 
Standing and sitting postures had more electrode sites which had good reliability (ICC ≥ 0.75) 
than four point kneeling posture did when one arm was raised flexion to 90 degrees. There are 
two explanations why four point kneeling posture was less reliable than other static postures. 
One study demonstrated that the four point kneeling posture had more repositioning error than 
sitting and standing postures (Preuss et al., 2003). Although customised posture-monitoring 
equipment was used to reproduce static postures between different days recording, 
repositioning error may still have occurred. Another reason may be that four point kneeling is 
not commonly performed in daily living. It was more difficult for subjects to maintain four 
point kneeling posture with one arm raised flexion for one minute than sitting or standing 
with one arm raised flexion. The surface EMG signal was recorded only for 30 seconds and 
had to be re-recorded due to motion artefact in some subjects. According to reliability 
difference between right and left arm raised flexion, four point kneeling posture with the left 
arm raised flexion to 90 degrees (4PL) was likely to be less difficult to maintain than that with 
the right arm raised flexion to 90 degrees (4PR). This may be associated with hand dominance. 
However, this study did not collect data of dominant hand. Generally speaking, right hand is 
more common dominance than left hand. As a result, trunk supported by right hand may be 
more stable than by left hand.    
 
b) EMG signal cleaned by the semi-automatic ECG cleaning technique 
After semi-automatic ECG removal for six static postures, reliability for sitting posture was 
not improved as well as when the raw data was cleaned by the manual ECG cleaning 
technique with respect to the amplitude of the signal and the number of electrode sites which 
had poor reliability (ICC < 0.75). In other words, more than four electrode sites had improved 
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ICC for three static postures including four point kneeling with the left arm raised flexion to 
90 degrees (4PL), and standing with one arm raised flexion to 90 degrees (STANL and 
STANR). There was one difference between two ECG cleaning techniques. Manual ECG 
cleaning technique was used for one second period, however, semi-automatic ECG cleaning 
technique was used for approximately seven second samples in order to take six slices from 
the raw data. Therefore, semi-automatic ECG cleaning technique took samples from longer 
period of samples than the manual ECG cleaning technique did. As a result, the reliability of 
the cleaned signal using the semi-automatic ECG cleaning technique could be more sensitive 
to any changes than that of the manual ECG cleaning technique although the mean values of 
six slices was taken in order to minimise the variation of the amplitude of the cleaned signal 
among six slices. 
 
The results of initial raw median frequency was different from a previous study (Mathur, Eng, 
& MacIntyre, 2005) which has investigated reliability of initial median frequency while the 
surface EMG signal was recorded from three different lower extremity muscles during 
isometric muscle contraction at two different normalised submaximal force. Therefore, 
without measuring the normalised force, it may be difficult to reproduce the raw median 
frequency during low level of muscle contraction (20% and 80% of the MVC), although static 
postures and electrode sites were reproduced for next session.  
 
II. Reliability of normalised data with respect to medial muscle group 
Normalising data is important to compare the quantified surface EMG signal. The surface 
EMG signal may be changed from one to the next session by several factors, including a 
slight change in electrode site, change in skin impedance, or a change in skin temperature 
(Cram et al., 1998c; LeVeau & Andersson, 1992). Normalisation can minimise the effects of 
these changes between different sessions. Normally one reference muscle contraction is 
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chosen in order to normalise EMG data. The most common reference contraction is a 
maximum voluntary isometric muscle contraction (MVC) (Cram et al., 1998c; LeVeau & 
Andersson, 1992; Soderberg & Knutson, 2000). Once the MVC is recorded, the value of the 
EMG signal is divided by the value of the MVC with respect to the amplitude of the signal. 
As a result, the normalised EMG signal is relative to the MVC and it can always be shown as 
a percentage of the MVC, however, there is no evidence in the literature that chiropractors use 
this MVC technique in their clinical practice. In this study, the experimental protocol was 
designed to approximate the protocol used in the clinical setting, therefore the MVC was not 
measured. In the present study, normalising the EMG signal was used to assess the 
reproducibility of the surface EMG signal to measure the low back muscle activity during 
static posture without the MVC technique. 
 
a) Sitting with no arms raised to 90 degrees (SITN) for 10 subjects 
After normalising, during sitting with no arms raised (SITN) ICC value was improved for all 
normalised RMS ratios with respect to the lumbar superficial multifidus muscle group (Table 
3 – 6). This improvement in ICC values after normalising the data was similar to the results of 
a previous study (Lehman, 2002), however, only one ICC value was greater than 0.75 after 
normalisation which is an indication of acceptable reliability (Fleiss, 1986). 
 
b) EMG signal cleaned by the manual and semi-automatic ECG cleaning techniques  
When the signal was cleaned by the manual ECG cleaning technique, four point kneeling 
posture had poorer reliability than that of sitting and standing posture with respect to medial 
muscle group. Standing was more reliable posture than sitting posture. In other words, 
standing posture had less repositioning error than the other two postures. This order was 
similar with a previous study (Preuss et al., 2003). However, the reliability of the EMG signal 
was changed when the signal was cleaned by the semi-automatic ECG cleaning technique. In 
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other words, standing posture had more repositioning error than the other postures when the 
raw data was cleaned by the semi-automatic ECG cleaning technique. Semi-automatic ECG 
cleaning technique could take into account more variability in the amplitude of the signal than 
manual ECG cleaning technique although the normalised technique was used to minimise 
several factors which affects the quality of the signal.  
 
There were two reasons to consider as to why the surface EMG is still not reproducible after 
normalising and cleaning the signal, even though great care was taken to minimise those 
factors that introduce variability. First, the motor unit recruitment strategy used by the central 
nervous system (CNS) may be different between different recording sessions.  The number of 
motor units recruited for a specific muscle contraction depends on the level of exertion 
required. As the force of muscle contraction increases, more motor units are recruited. 
Different motor units contain muscle fibres that are either fast-twitch or slow-twitch. Motor 
units containing slow-twitch muscle fibres are smaller than those motor units containing fast-
twitch muscle fibres. Also motor units containing slow-twitch muscle fibres are easier to 
excite than motor units containing fast-twitch muscle fibres. In other words, during a muscle 
contraction small motor units are recruited first. As the muscle contraction increases, the 
larger motor units that contain fast-twitch muscle fibres are recruited. The static posture with 
no arms raised is associated with a low level of muscle contraction. During such low level 
contractions, the small motor units are much more likely to be recruited rather than the big 
motor units (Edgerton et al., 1983). Although the number of motor units recruited for a given 
contraction will be similar, the CNS could recruit different motor units to carry out the same 
task. If during each recording session different small motor units are recruited, it is likely that 
the amplitude of the surface EMG signal may be influenced by this difference. 
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The second reason why the surface EMG signal recorded from the lumbar paraspinal muscles 
may be associated with poor to moderate reliability is related to lumbo-pelvic alignment. 
Static posture requires the different segments of the spine and pelvis to align themselves in 
order to keep the trunk in a vertical or horizontal axis. Maintaining the static posture consists 
of many combinations of alignment, and each alignment is associated with a slightly different 
position of the vertical projection of the centre of gravity of the body. O’Sullivan et al. (2006) 
investigated trunk muscle activation during three different types of unsupported sitting 
posture (thoracic upright sitting, slump sitting, and lumbo-pelvic upright sitting) using surface 
EMG. In their study, there was a significant difference in spinal-pelvic curvature among the 
three different sitting postures in the sagittal plane. The different curvatures were associated 
with different levels of trunk muscle activation. In present study, three customised mechanical 
pointers (the mastoid process, acromion process, and iliac crest) were used in order to 
reproduce the sitting posture. It is possible that spinal-pelvic curvature in sagittal plane was 
not the same at each recording session despite the use of these mechanical pointers to guide 
the position of the different body segments. The study by Womersley and May (2006) found 
there was a difference lumbar angle in relaxed sitting between non-low back pain and low 
back pain groups. Therefore, in clinical practice, it could be possible to record the EMG 
signal from low back muscles during different relaxed sitting posture without any mechanical 
pointers. Mechanical markers including hands and knees position were used to guide of 
reproducing four point kneeling posture. Therefore, shoulder joint and hip joint angles could 
be reproduced as 90 degrees flexion for next session. However, spinal-pelvic curvature in 
sagittal plane for four point kneeling posture may not be reproduced as well as sitting posture. 
As a result, the magnitude of the surface EMG signal may have been different at each 
recording session.  
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3.5. Conclusion 
This study suggests that the ECG artefact remains a significant impediment to on-line analysis 
of a low level of the amplitude of the signals when the surface EMG signal was recorded from 
the lumbar paraspinal muscles during static postures. Therefore, it is important to inspect 
visually the raw signal before processing. As a result, without visual inspection for the raw 
signal, chiropractors may use the contaminated EMG signal (the EMG signal + the ECG 
artefact) as a diagnostic tool when the signal is recorded from paraspinal muscles during the 
maintenance of a static posture. The contaminated signal was not a valid measure of the level 
of exertion of the lumbar paraspinal muscles during static postures, mostly because the ECG 
artefact was a larger component than the EMG signal. In addition, the waveform of the ECG 
artefact was not consistent, because heart rate is variable. When the EMG signal is 
contaminated by the ECG artefact, the ECG artefact should be removed by the ECG cleaning 
techniques. 
 
With regard to the static posture investigated, such static postures are associated with a low 
level of lumbar paraspinal muscle contraction. Although moderate muscle contraction may 
improve the reliability of the surface EMG signal recorded from the lumbar paraspinal 
muscles between different recording sessions and reduce the frequency of the ECG artefact, 
the reliability was still poor to moderate (ICC < 0.75) for non-normalised and normalised data. 
This occurred despite removal of the ECG artefact and considerable effort to minimise 
differences in the adopted static postures and electrode sites. Additionally, this study 
employed strict skin-cleaning protocols to ensure optimal and reproducible recording 
conditions.  
 
When the surface EMG signal is recorded from the lumbar paraspinal muscles during 
maintenance of a static posture, there are a number of steps which are necessary to carry out. 
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Visual inspection is the first step to identify whether the raw EMG signal is contaminated by 
the ECG artefact. After that, the second step is the ECG cleaning when the raw signal is 
contaminated by the ECG artefact. Such signal is required to be cleaned by the ECG cleaning 
technique before calculating the amplitude and frequency of the signal. Then, the cleaned data 
(only EMG signal) is required to be normalised to compare between subjects and between 
different days. This is the third step. When the reliability of the normalised cleaned data 
between different recording sessions is good in a healthy population, this signal can be used. 
However, this study concludes that reliability of surface EMG is associated with a level of 
low back muscle contraction is poor when the signal is recorded from the lumbar paraspinal 
muscles during static posture.  
 
If the surface EMG signal is still used to measure the functional status of the lumbar 
paraspinal muscles in clinical practice, alternative activity which is associated with greater 
than a moderate level of lumbar paraspinal muscle contraction will be recommended instead 
of a static posture. This activity will bring two advantages. One advantage is that the EMG 
signal may be less contaminated by the ECG artefact. Therefore, it may not be necessary to 
clean the EMG signal. Another advantage is that the reliability of the cleaned signal (only 
EMG signal) may be better than the results of our study. In future studies, firstly it is 
necessary to define the activity which is associated with greater than a moderate level of the 
lumbar paraspinal muscle contraction.  
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4.1. Introduction 
The maximum voluntary isometric muscle contraction (MVC) has been used as a reference 
muscle contraction when the amplitude of the EMG signal is normalised in EMG studies 
(Cram & Kasman, 1998b; LeVeau & Andersson, 1992; Soderberg & Knutson, 2000). 
However, performing MVCs of low back muscles may be associated with risk of injury to 
these muscles. There are many different ways to conduct an MVC of the low back muscles. 
One way is to have subjects stand and bend over slightly to lift a load. This method is 
associated with a high risk of injury due to the creation of a high internal vertebral disc 
pressure. Magee (2006) quoted that Nachemson and Elfstrom (1970) have reported how the 
internal vertebral disc pressure with a load at the L3 vertebral level was changed when 
comparing with upright standing. During bending forward the internal pressure can be 
increased by 1.5 times. This pressure is further increased to three times when 20 kg load is 
added while performing a forward bend. Moore & Petty (2001) quoted that Nachemson 
(1976) has reported in supine position this internal pressure of the disc is one quarter of that 
when standing. Therefore, bending forward with a load has a higher risk to injury than supine 
position. Risk of injury is minimised by conducting the MVC test in the prone position, 
though the study by Ropponen et al. (2005) found that this method when used as a back 
extension endurance test, may also be associated with some risk of injury. Risks include 
fatigue, low back pain (LBP), and pain in the lower extremities.  
 
Two different types of voluntary isometric contraction of back muscles have been reported in 
the literature as methods of measuring a maximum voluntary muscle contraction (MVC). One 
method is to hold trunk against resistance without any support in the prone position 
(Dankaerts et al., 2004; Ng et al., 1997). Another method is to hold the trunk against 
resistance with support in the prone position (Mealing et al., 1995).  
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This study was designed to compare two different techniques used to produce a maximum 
voluntary muscle contraction (MVC) of the lumbar paraspinal muscles. In the past, the 
unsupported trunk holding test was used as a reference muscle contraction when the EMG 
signal is compared between subjects, muscles, and different days of recording. MVC can be 
influenced by psychological factors including motivation (Dankaerts et al., 2004; Seghers & 
Spaepen, 2004). Therefore, when people have had low back pain, it could be more difficult to 
measure MVC due to fear. Consequently, this study determined whether the modified trunk 
holding test (described below) could produce the MVC of the lumbar paraspinal muscles as 
well as the unsupported trunk holding test in order to ultimately reduce the risk of performing 
this test for people with LBP. 
 
4.2. Methods 
4.2.1. Subjects 
This study was approved by the RMIT Human research ethics committee. All subjects gave 
their informed consent prior to data collection (Appendix B – 3). This study was conducted on 
a total of 9 healthy subjects (5 males, and 4 females, Age 31.44 ± 9.07 years old, Height 
170.56 ± 13.65 cm, Weight 76.11 ± 13.99kg, Body mass index (BMI) 26.16 ± 3.93 kg/m2). 
The inclusion criteria were the same as for the static posture study (Please see Chapter 3, 
Section 3.2.1. Subjects, Page 75 – 76). In order to recruit eligible subjects, they were asked to 
fill in a questionnaire (Appendix B – 1) that was used to identify those who did not meet the 
inclusion criteria as described below and also in Appendix B – 2 before the MVC study.  
 
Before being accepted into this study, all subjects were screened to identify those individual 
with existing conditions of the lumbar spine and to exclude potential subjects who were 
considered to be at risk of suffering a low back injury during the experiment. Two tests were 
used for this purpose. The first test evaluated lumbar spine range of motion. Subjects were 
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required to bend forward, backward, side to side and rotate their trunk while the investigator 
supported the pelvis by bracing it at the level of anterior superior iliac spines (ASISs). This 
method was used to assess lumbar spine range of motion only. A straight leg raise (SLR) test 
was used to identify whether lower limb nerve was mechanically compromised (i.e. a lower 
limb nerve tension test). The test was performed by passively lifting the straight leg off the 
bench. Subjects were required to lay supine on a bench while the investigator flexed their hip 
joint, keeping the knee extended until they complained of pain in the back or back of the leg. 
Each leg was examined individually as described by Magee (2006). Subjects were excluded if 
they had any pain or discomfort in their low back region during either one of these tests. 
 
4.2.2. Electrode placement 
Seven surface electrodes (DE-2.3 surface EMG sensor, inter-electrode distance 1cm, Delsys 
Inc., Boston, MA, US) (Figure 4 – 1) were placed on the skin over the lumbar superficial 
multifidus muscle at the level of the fourth and fifth lumbar (L4 and L5) vertebrae and the 
longissimus muscle at the level of the eighth and twelfth thoracic (T8 and T12) vertebrae 
bilaterally approximately 2 cm lateral to the spinous process. 
 
 
Figure 4 – 1  : DE-2.3 Surface EMG sensor  
This figure is copied from a web site (Delsys, 2008) 
 
Before positioning the electrodes, in order to identify the orientation of the lumbar multifidus 
muscle fibres, the anatomical landmarks were identified using the procedure described in the 
static posture study (Please see Chapter 3, Section 3.2.2. Electrode placement, Page 76) 
(Figure 4 – 2)(Table 4 – 1). Due to a lack of amplifiers, the electrode (at the T8 vertebral 
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level) was positioned only on the right side (Table 4 – 2). All electrodes were attached while 
subjects laid face down on a bench. One common earth electrode (Disposable electrode, 
Ag/AgCl, Blue sensor P-00-S, Medicost, Denmark)(Figure 3 – 1) was placed over the head of 
the ulna on the left side. 
 
L5 
L4 
Left T12 Right T12 
Right T8 
A 
L1 
L2 
T12 
 
 
 
 
T8 
Right L4 
Right L5 
Left L4 
Left L5 
B C 
2 cm 2 cm 
 
Figure 4 – 2 : Electrode placement 
The spinous process between lumbar vertebrae one to five (L1 ~ L5), and between thoracic eight to 
twelve (T8 ~ T12), and the two posterior superior iliac spines (PSISs) were marked. "A" refers to the 
L1/2 interspace. "B" refers to right PSIS (posterior superior iliac spine). "C" refers to left PSIS 
(posterior superior iliac spine). Red lines joining the L1/2 interspace (A) and both PSISs (B and C) 
were drawn. T8 : thoracic 8th longissimus muscle. T12 : thoracic 12th longissimus muscle. L4 : lumbar 
4th superficial multifidus muscle. L5 : lumbar 5th superficial multifidus muscle.  
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Table 4 – 1 : Electrode placement 
 Recorded muscle 
T8 Right thoracic 8th longissimus muscle 
T12 Right thoracic 12th longissimus muscle 
L4 Right lumbar 4th superficial multifidus muscle Right 
L5 Right lumbar 5th superficial multifidus muscle 
T12 Left thoracic 12th longissimus muscle 
L4 Left lumbar 4th superficial multifidus muscle Left 
L5 Left lumbar 5th superficial multifidus muscle 
 
4.2.3. Skin preparation 
Before attaching electrodes, the skin was cleaned using the procedure described in the static 
posture study (Please see Chapter 3, Section 3 2.3. Skin preparation, Page 78). 
 
4.2.4. Unsupported MVC 
Subjects were required to lay face down on the bench, with their pelvis positioned at the head-
edge of the bench, leaving the trunk unsupported by the bench. Two belts were used to 
position the pelvis and lower legs while the subject attempted to maintain her/his trunk in a 
horizontal position (parallel with the floor) without support, and her/his hands behind her/his 
neck (Ropponen et al., 2005) (Figure 4 – 3).  
 
Resistive force 
Belt 
 
Figure 4 – 3 : Unsupported trunk holding test 
 
One belt was wrapped around their ankle joints and bench, and another was wrapped around 
the highest point of their pelvis and bench. In addition, the investigator applied a downward 
                                                                       Chapter 4: Surface EMG recording of MVC using two different tests 
126 
resistive force against the subject’s back by placing his hands over the subject’s shoulder 
blades for three seconds (Dankaerts et al., 2004). This added force ensured that the subject 
contracted his/her lower back muscles to his/her maximum capacity. This procedure was 
repeated three times and each contraction lasted for three seconds with a one minute rest 
between each contraction.  
 
4.2.5. Supported MVC 
Subjects were required to lay face down on a bench, with their head and shoulders positioned 
at the head-edge of the bench. In this trunk holding test, both the head and upper torso were 
unsupported by the bench. The subject was then asked to maintain their torso in a horizontal 
position parallel to the floor without any supports. Two belts were used to support their feet 
and trunk around the ankle joints and the highest point of the pelvis, as was the case for the 
unsupported MVC. While subjects maintained their head and shoulders in a horizontal 
position without support, the investigator applied a downward resistive force against the 
subject’s back by placing his hands over the subject’s upper scapulae for three seconds 
(Figure 4 – 4).  
 
Resistive force 
Belt 
 
Figure 4 – 4 : Supported trunk holding test 
 
This added force ensured that the subject contracted his/her lower back muscle to his/her 
maximum capacity. As was the case for the unsupported MVC, this procedure was repeated 
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three times and each contraction lasted for three seconds only with a one minute rest between 
each contraction.  
                                  
4.2.6. EMG recording 
The EMG signal was amplified, filtered at a bandwidth between 20 to 450Hz, and fed into a 
data acquisition system (MyoMonitor® Portable EMG System, Delsys Inc., Boston, MA, US). 
The recorded signal was then stored onto a compact flash memory card. The raw data was 
sampled at 1024Hz. The data was transferred for further biosignal analysis off-line using the 
Language of Technical Computing (Matlab® for Windows, Version 6.5, The Mathworks Inc., 
MA, US) software. 
  
4.2.7. Signal processing 
A preliminary procedure was used to identify a period of the recorded signal when the muscle 
was not active. The visual inspection was carried out to determine whether the baseline was 
offset from zero during a rest period (Figure 4 – 5). This signal shit is called the DC offset and 
can be more difficult to identify when the amplitude of the signal is increased. This offset 
appeared to be significant at all electrode sites. The next step was to define the extent of offset. 
In order to obtain the offset value, the mean amplitude (ma) of the original signal (the active 
period + the rest period) ( emgS ) was calculated by the sum (∑
=
l
i
emgS
1
) of the original signal 
( emgS ) and the length (l) of the original signal ( emgS ) (4 – 1) (Appendix B – 4). 
• ma = ∑
=
l
i
emgS
1
/  l  --- (4 – 1) 
 
After that, if the mean amplitude (ma) of the original signal was not zero (ma ≠ 0), ma was 
subtracted from the original signal ( emgS ) in order to adjust to be at the appropriate position. 
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The calculation of adjusting the original signal ( emgSS ) to be at the appropriate position is 
below (4 – 2) (Appendix B – 4).   
• −= ∑
=
l
i
emgemg SSS
1
 ma --- (4 – 2) 
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Figure 4 – 5 : EMG signal after subtracting baseline drift 
This signal was recorded from left lumbar 4th superficial multifidus muscle (Left L4). Upper trace 
shows the original recorded surface EMG signal. This signal was offset from zero (Red line) as clearly 
evidenced when the muscle was at rest. Lower trace shows the EMG signal which was after the mean 
amplitude of the original signal (the active period + the rest period) was subtracted from the original 
signal. After this process the signal was restored to a zero line (Red line). The horizontal axis is time 
(0 ~ 8000 sample). The vertical axis is amplitude of the recorded signal in mV (± 1 mV). Note : both 
signals used the same level of amplification.  
 
For the MVC study, the first of three attempts were used as a practice effort. Each subject 
performed their maximum voluntary muscle contraction (MVC) for three seconds (3072 
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samples = 1024 samples per second * three seconds). However, in our experiment, the active 
period of the MVC seemed to be longer than three seconds on the raw signal. In other words, 
the beginning point of the MVC task when the investigator applied the resistive force was not 
clearly evident on the raw signal (Figure 4 – 6, upper trace). This is because the amplitude of 
the signal was already increased when subjects assumed to maintain the MVC test position. 
Furthermore, after taking absolute values it was still difficult to define the beginning point 
when the maximum contraction was reached (Figure 4 – 6, lower trace). This is because the 
amplitude of the signal was already increased when subjects assumed to maintain the MVC 
test position. Furthermore, after taking absolute values it was still difficult to define the 
beginning point when the maximum contraction was reached (Figure 4 – 6, lower trace). 
 
 
 
 
 
 
                                                                       Chapter 4: Surface EMG recording of MVC using two different tests 
130 
0 1000 2000 3000 4000 5000 6000 7000 8000
-1
-0.5
0
0.5
1
Raw signal - MVC
Sample
m
V
0 1000 2000 3000 4000 5000 6000 7000 8000
0
0.5
1
1.5
2
Rectified signal - MVC
Sample
m
V
 
Figure 4 – 6 : An example of the adjusted raw signal and rectified signal 
This signal was recorded from left lumbar 4th superficial multifidus muscle (Left L4). Upper trace 
shows the adjusted raw signal (which is the same as the lower trace in Figure 4 – 5). Lower trace 
shows the adjusted signal was rectified. The horizontal axis refers to time (0 ~ 8000 sample). The 
vertical axis is amplitude of the recorded signal in mV.   
 
A 50 samples moving RMS was used in order to identify when the highest amplitude of the 
surface EMG signal occurred during the MVC for each electrode site (Dankaerts et al., 
2004)(Appendix B – 4). After all RMS values were plotted for all windows, the highest RMS 
value was defined as the maximum effort of muscle activity (Figure 4 – 7). The mean RMS 
value ( RMSMVC ) for the two MVC trials was calculated as the representative score for each 
test.  
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Figure 4 – 7 :  Plotted all RMS values of each 50 sample moving window 
RMS value was calculated for each 50 sample window on the adjusted raw signal (which is the same 
as the lower trace in Figure 4 – 5). This figure shows all plotted RMS. The horizontal axis is the 
window number (0 ~ 160 window). The vertical axis is the RMS value in mV. The red arrow points to 
the highest RMS value. This value represented the maximum effort of the muscle contraction at this 
electrode site.  Note : One window is equal to actual 50 samples (160 windows = 8000 samples).  
 
4.2.8. Normalising the amplitude of the signal 
In order to compare the different tests, the amplitude of the surface EMG signal had to be 
normalised. In this study, it was hypothesised that the two different trunk holding tests would 
be expected to produce the same muscular effort. Therefore, the amplitude of the signal would 
be expected for two tests. To test this hypothesis, we compared the relative amplitudes of the 
signals from the different MVC tests. The mean value of the amplitude ( RMSMVC1 ) of the 
unsupported trunk holding test was divided by the mean of the amplitude ( RMSMVC 2 ) during 
the supported trunk holding test for each electrode site (4 – 3).  
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• 
RMS
RMS
rRMS
MVC
MVC
2
1
=  --- (4 – 3) 
rRMS  = the ratio between the unsupported trunk holding test and supported trunk holding test. 
RMSMVC1 = the mean RMS value of two sessions for the unsupported trunk holding test. 
RMSMVC 2 = the mean RMS value of two sessions for the supported trunk holding test. 
 
4.2.9. Statistical analysis  
Firstly, the Kolmogorov-Smirnov normality test was used to examine whether observation 
scores followed a normal distribution for each electrode site. In this study the sample size was 
small, therefore it may not be necessary to do the normality test due to the fact that 
observation scores may not be expected to follow the normal distribution in a small sample 
size. The null hypothesis for this test was that the scores followed the normal distribution. 
When the null hypothesis was rejected, parametric tests were used to examine for the 
difference between the two MVC tests.  
 
This study compared two different tests with respect to the amplitude of the signal as an 
indication of the maximum effort of muscle contraction. If the ratio included one, this study 
can conclude that the amplitude estimated is the same. In order to compute the confidence 
interval (CI) for each electrode site to compare the difference between the two MVC 
techniques, a two tailed one sample t-test was used as the parametric test or a two tailed one 
sample Wilcoxon signed rank test was used as the non parametric equivalent test. The null 
hypothesis in this case was that there was no difference between the two tests 
( RMSMVC1 / RMSMVC 2 = one). The statistical program (Minitab for windows, version 14, 
Minitab Inc., State College, PA, US) was used to do this statistical analysis. A level of 0.05 
was accepted as representing a significant difference for this study. 
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4.3. Results 
After computing RMS value for each 50 sample window over the three second period of each 
MVC trial, RMS values were plotted. The highest RMS was then defined as the maximum 
amplitude for each trunk holding test for each electrode site. The ratio of the unsupported 
trunk holding and the supported trunk holding tests with respect to the amplitude of the signal 
was then calculated as detailed in the method section (Please see Section 4.2.8. Normalising 
the amplitude of the signal, Page 131). 
  
The first step of the statistical analysis was to evaluate the assumption of normality for each 
electrode site. The Kolmogorov-Smirnov normality test was significant (p < 0.05) for the 
right T12 and right L4 electrode sites. Therefore, for these electrode sites the normality 
assumption was rejected, requiring that the non-parametric test be used in order to compare 
the two MVC tests.  
 
A two tailed one sample t-test was used to compute the 95% confidence interval (CI) in order 
to define any differences between the two techniques for the four electrode sites which did 
have a normal distribution. Ninety-five percent CI (95% CI) contained at the right T8 and left 
T12 electrode sites contained one (Table 4 – 2). A one sample Wilcoxon singed rank test was 
used as the non-parametric test to compute a confidence interval (CI) for the right T12 and 
right L4 electrode sites. The calculated CI contained one for the right T12 electrode site 
(Table 4 – 3). Therefore, at the T12 level the null hypothesis was accepted. However, there 
was a significant difference (p < 0.05) between the two tests at the L4 and L5 levels 
bilaterally. According to the range of the CI at these electrode sites, the unsupported trunk 
holding test produced a larger amplitude of the surface EMG signal than the supported trunk 
holding test at the L4 and L5 levels bilaterally.  
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Table 4 – 2 : Results of one sample t-test – Unsupported / Supported trunk 
holding test (N = 9) 
95% CI 
Electrode site Mean ± SD SE Mean 
lowest highest 
T8 1.154 ± 0.253 0.084 0.960 1.349 Right 
L5 1.279 ± 0.331 0.110 1.025 1.533* 
T12 1.162 ± 0.297 0.099 0.933 1.390 
L4 1.168 ± 0.197 0.066 1.016 1.319* Left 
L5 1.303 ± 0.274 0.091 1.092 1.513* 
 
* indicates significant difference between two different techniques (95% CI does not contain one). 
"Mean" indicates mean value of the normalised amplitude of the signal. "SD" indicates standard 
deviation. "SE" indicates standard Error. "95% CI" is the to 95% confidence interval. T8  :  thoracic 8th 
longissimus muscle. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th superficial multifidus 
muscle.  L5  :  lumbar 5th superficial multifidus muscle,  
 
Table 4 – 3 : Results of  one sample Wilcoxon singed rank test – Unsupported / 
Supported trunk holding test (N = 9) 
CI Electrode site Estimated Median 
Achieved 
Confidence lowest highest 
T12 1.054 95.6 0.934         1.496 Right 
L4 1.140 95.6 1.026 1.405* 
 
* indicates significant difference between the two different techniques (CI does not contain one). T12 :  
thoracic 12th  longissimus muscle. L4 : lumbar 4th superficial multifidus muscle. 
 
4.4. Discussion 
There were two main findings in this study. In the thoracic region, both tests produced the 
same maximum effort as evident by the amplitude of the EMG signal. However, in the lumbar 
region, the unsupported trunk holding test produced a larger amplitude of the signal than that 
of the supported trunk holding test.  
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Figure 4 – 8 : Lever in two different MVC techniques 
F1 : Fulcrum during the unsupported MVC technique. F2 : Fulcrum during the supported MVC 
technique. E1 : Effort of the lumbar region. E2 : Effort of the thoracic region. RL : Resistive force. 
 
The explanation to account for the difference in the amplitude of the signal between the two 
tests in the lumbar region. The fulcrum which was located at the pelvis during unsupported 
test (Figure 4 – 8, F1) was moved to between the thoracic and lumbar regions during the 
supported technique (Figure 4 – 8, F2). Therefore, during the supported test the lumbar 
multifidus muscle had to hold less weight of the trunk than that of the unsupported test during 
the EMG recording. As a result, the resistive force had more impact on the thoracic region 
(Figure 4 – 8, E2) rather than the lumbar region (Figure 4 – 8, E1) in the supported trunk 
holding test. Consequently, a maximal force was not generated by the lumbar multifidus 
muscle during the supported test and a true MVC was not achieved.  
 
4.5. Conclusion 
When the EMG signal was recorded from the lumbar region, the unsupported trunk holding 
test produced a larger amplitude of the signal from the lumbar multifidus muscle than the 
supported trunk holding test did. Therefore, in the prone position, the trunk holding test has to 
be carried out without support in order to elicit a MVC of these muscles. In contrast, when the 
signal was recorded from the middle to lower thoracic region, the supported trunk holding test 
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produced a similar amplitude of the signal to the unsupported test. Therefore the supported 
trunk hold test may be used to measure the MVC in these muscles, and potentially reduce the 
risk of injury or exacerbation of pain for those subjects with a back problem. As a result, the 
unsupported trunk holding test was used as a reference muscle contraction for the third study 
in this experimental program (Chapter 5 : Surface EMG recording of the lumbar  
paraspinal muscles under dynamic conditions, Page 137 – 209).
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5.1. Introduction 
The reliability and validity of surface EMG to measure the functional status of the lumbar 
paraspinal muscles during exertion associated with simple static postures was investigated in 
the previous chapter (Chapter 3 : Surface EMG recording of the lumbar paraspinal muscles 
under static conditions, Page 73 – 119). During maintenance of a simple static posture, the 
surface EMG signal recorded from the lumbar paraspinal muscles was contaminated by an 
electrocardiographic (ECG) artefact. Even though this artefact was removed from the raw 
EMG signal using two different ECG cleaning techniques, still the reliability of the cleaned 
signal (only EMG signal) was poor (ICC < 0.75). However, a moderate level of muscle 
contraction improved the reliability of the surface EMG signal. Therefore, the reliability of 
the surface EMG signal was associated with the level of muscle contraction. This chapter 
describes the use of a different protocol which might be used easily in a clinical practice 
setting in order to measure the functional status of the lumbar paraspinal muscles.  
 
Walking is a repetitive and rhythmic activity of daily living. During walking, the trunk moves 
by rotating in the sagittal, frontal, and horizontal planes (Crosbie et al., 1997; Krebs et al., 
1992; Thorstensson et al., 1984; Whittle, 2007a). Therefore, the length of the trunk muscles 
changes in order to support and reduce trunk movement during walking. There are a number 
of surface EMG studies which have investigated the lumbar paraspinal muscles during 
walking. These studies have demonstrated that during walking the EMG signal recorded from 
the lumbar paraspinal muscles consists of two distinct periods including active and rest 
periods (Anders et al., 2007; Callaghan et al., 1999; Carlson et al., 1988; Cromwell et al., 
2001; Dofferhof & Vink, 1985; Ivanenko et al., 2004; Prince et al., 1994; Thorstensson et al., 
1982; Vink & Karssemeijer, 1988; Vogt et al., 2003; White & McNair, 2002; Winter et al., 
1993; Winter & Yack, 1987). The active period is called the activity envelope because the 
degree of activation of the muscle changes over the time during which the muscle is active. 
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This occurs because during walking the length of the trunk muscles change and therefore the 
type of lumbar paraspinal muscle contraction occurring during walking is a dynamic 
contraction. Therefore, the EMG signal recorded from the lumbar paraspinal muscles during 
walking is complex. The amplitude and frequency components of the EMG signal vary during 
muscle contraction under dynamic conditions (Mchugh et al., 2002; Nakazawa et al., 1993; 
Potvin, 1997). During the activity envelope the length of muscle also changes, therefore in 
this period the amplitude and frequency of the EMG signal may be changing. Consequently, 
the EMG signal may not be stationary.  
 
In order to analyse a non-stationary signal, it is important to identify a short time period of the 
signal when it may be considered as stationary (Enderle et al., 2000). A previous study (Singh 
et al., 2007) investigated the surface EMG signal recorded from three thigh muscles (vastus, 
vastus medialis and rectus femoris) during a sprint cycling exercise. During the sprint cycling 
exercise, the length of these thigh muscles varies relative to a change in the angle of the knee 
and hip joints. As a result, in their study the recorded signal were assumed to be non-
stationary. Their study extracted a short time period (narrow window) within the activity 
envelope of the active thigh muscle which was assumed to be stationary when the EMG 
signal was recorded during cycling. In this chapter, their technique was used to analyse the 
surface EMG signal recorded from the lumbar paraspinal muscles. The aim of this chapter is 
to determine whether a simple walking activity is a suitable protocol to record a reliable 
surface EMG signal from paraspinal muscles, which may be readily implemented in a clinical 
setting, to characterise the pattern of the lumbar paraspinal muscles activity and to determine 
the usefulness of surface EMG recorded during this dynamic contraction in order to measure 
the functional status of the lumbar paraspinal muscles during steady state of walking. 
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5.2. Method 
5.2.1. Subjects 
This study was approved by the RMIT Human research ethics committee and all subjects 
gave their informed consent (Appendix B – 3) prior to data collection. The study was 
conducted on a total of 10 healthy subjects (7 males and 3 females, Age 29.70 ± 7.73 years 
old, Height 172.40 ± 12.58 cm, Weight 72.20 ± 16.57 kg, Body Mass Index (BMI) 24.07 ± 
3.78 kg/m2) who had no recorded history of acute, severe, low back pain having occurred 
within the last 12 months. Exclusion criteria were the same as for the static posture study 
(Please see Chapter 3, Section 3.2.1. Subjects, Page 75 – 76). However, this study also 
required subjects not to have any injuries to their lower extremities, any disorders related to 
the locomotion apparatus or a leg length discrepancy of greater than one centimetre. They 
were asked to fill in a questionnaire (Appendix B – 1) that was used to identify those who did 
not meet inclusion criteria for this study before the experiment in order to recruit eligible 
subjects.  
 
After that, each subject was required to take two tests in order to minimise any risks of low 
back pain or discomfort during the experiment. Two tests were same as the for the MVC 
study (Please see Chapter 4, Section 4.2.1. Subjects, Page 122 – 123). 
 
5.2.2. Electrode placement 
This study used the same electrode placement as the MVC study (Please see Chapter 4, 
Section 4.2.2. Electrode placement, Page 123 – 125). The EMG signal was recorded from the 
superficial fibres if the lumbar multifidus muscle and the longissimus muscle at the thoracic 
region bilaterally (Table 5 – 1). 
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Table 5 – 1 : Electrode placement 
 Recorded muscle 
T8 Right thoracic 8th longissimus muscle 
T12 Right thoracic 12th longissimus muscle 
L4 Right lumbar 4th superficial multifidus muscle Right 
L5 Right lumbar 5th superficial multifidus muscle 
T12 Left thoracic 12th longissimus muscle 
L4 Left lumbar 4th superficial multifidus muscle Left 
L5 Left lumbar 5th superficial multifidus muscle 
 
5.2.3. Skin preparation 
Before attaching electrodes, the skin was cleaned using the procedure described in the static 
posture study (Please see Chapter 3, Section 3.2.3. Skin preparation, Page 78). 
  
5.2.4. Maximum voluntary muscle contraction (MVC) task 
Before recording the EMG signal during walking, a maximum voluntary muscle contraction 
(MVC) task was carried out. This task determined the MVC of the extensor back. During this 
task, subjects were positioned face down on an examination bench. Only the lower part of 
their body (from the pelvis) was supported by the bench using belts. Subjects were instructed 
to support their upper body in a horizontal plane against gravity while the investigator applied 
an additional force in order to facilitate maximum contraction of the lower back muscles. This 
test was the same as for the MVC study (Please see Chapter 4, Section 4.2.4. Unsupported 
MVC, Page 125 – 126). The MVC was used in order to normalise the amplitude of the signal 
for this study of so that data from individual subjects could be pooled.  
 
5.2.5. Walking task 
Subjects were required to walk along a 12 metre walkway in the laboratory for a period of 10 
minutes. When the subject reached the end of the walkway, they turned and continued to walk. 
This sequence was repeated for 10 minutes. One length of the walkway was defined as a lap. 
There were a variable number of laps within one-minute period of recording dependent on the 
speed of walking of individual subjects.  
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During walking, subjects were also asked to visually focus on a specific point which was 
placed on the wall at each end of the walkway in order to regulate segmental trunk movement 
and also to encourage subjects to maintain concentration on their walking speed and rhythm. 
A metronome (STM-88 Quartz Metronome, LEEM) (Figure 5 – 1) was used to maintain a 
constant speed of walking. Subjects were asked to synchronise their right heel strike to the 
rhythm of the metronome. A constant speed of walking was assumed to be constant for 10 
minutes by visual focusing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – 1 : Metronome 
 
5.2.6. EMG recording 
The surface EMG signal was recorded for a minute for five times (Table 5 – 2). Firstly 
subjects were asked to start walking. As it was assumed that subjects were adjusting to a 
constant speed of walking during the first minute, the first minute of data was discarded. After 
one minute (the walking speed was assumed to be steady), the EMG signal was recorded. 
Therefore, subjects did not know whether the surface EMG signal was recorded or not.  
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Table 5 – 2 : Recording period of the surface EMG signal within the 10 minute walk 
Time 
Line 
0 – 1 
min 
1 – 2 
min 
2 – 3 
min 
3 – 4 
min 
4 – 5 
min 
5 – 6 
min 
6 – 7 
min 
7 – 8 
min 
8 – 9 
min 
9 – 10 
min 
EMG 
Record D R D R D R D R D R 
 
D refers the EMG signal was discarded not recorded at this period. R refers the EMG signal was 
recorded during this period. 
 
A customised foot switch (Figure 5 – 2) (Dimensions: 150 mm x 100 mm x 1 to 2 mm) was 
used to define the gait cycle. It was made of two thin copper plates (Dimensions: 150 mm x 
100 mm x 0.5 mm) (Figure 5 – 2, a) and b)). One side of a copper plate, which contacted with 
the foot or shoe sole, was covered with shielded electric conductance material (light blue and 
white checkerboard plane of Figure 5 – 2, a)). Each lead, which is soldered to one of plates 
(Figure 5 – 2, c)), was connected to an electrical circuit which consists of one battery (AAA, 
1.5V), and two resistors (flex and variable resistors) (Figure 5 – 2, d)). The sensor was 
positioned under the right heel by tape, and two leads from the electrical circuit was directly 
wrapped to the parallel bar geometry (1 mm) of surface EMG sensor (DE-2.3, inter-electrode 
distance 1cm, Delsys Inc., Boston, MA, US) (Figure 5 – 2, d)) with insulating tape. When two 
unshielded electrical conductance parts of the copper plates (red dot lines of Figure 5 – 2, b)) 
connect at right heel strike, two electrical spikes were generated. Only the first positive spike 
was used as the start point of each gait cycle in this experiment.  
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a) Foot sensor without insulating tape  
 
b) Foot sensor with insulating tape 
A 
B 
C 
D 
 
E 
D 
 
  
c) One of the copper plate (bottom part of the 
foot sensor) with insulating tape 
d) Foot sensor & electrode with an electrical 
circuit and data acquisition system 
A 
C D 
 
Foot 
sensor 
Electrical circuit 
F 
R1 
1.5 V 
Data  
acquisition system 
R2 
 
Figure 5 – 2 : Dimension of foot sensor 
 
a) shows the foot sensor without insulating tape. Light blue and white checkerboard plane refers to 
shielded electrical conductance part of the copper plate. b) shows the foot sensor with insulating tape 
from the lateral view. Red dot lines refer to unshielded electrical conductance part of the copper plate. 
Light green and white checkerboard plane refers to insulating tape. c) shows one side of the bottom 
part of the foot sensor with insulating tape (Light green and white checkerboard plane) from the 
overhead view. Insulating tapes shield an electrical conductance part (Red and white checkerboard 
plane of the cooper plate) of the cooper plate. d) shows the electrical circuit (battery and two resistors) 
(Orange dot line) with a foot sensor, the surface EMG sensor, and the data acquisition system. A : 150 
mm. B : 2 mm. C : 100 mm. D : lead which is soldered connects to the electrical circuit. E : 1 mm. F : 
Surface electrode sensor (DE-2.3, inter-electrode distance 1cm, Delsys Inc., Boston, MA, US). R1 : 
Variable resistor (500Ω to 3MΩ). R2 : Fixed resistor (1.67Ω).  
 
The EMG signal was amplified, filtered at a bandwidth between 20 to 450Hz, and fed into a 
data acquisition system (MyoMonitor® Portable EMG System, Delsys, Boston, MA, US). 
Although this system was handy and portable, there may be a risk to distort subject’s walking 
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rhythm if the device was fastened to the person. Therefore, the investigator walked behind the 
subject during this experiment in order to carry the device. The raw data were sampled at 
1024Hz. The recorded signal was stored onto a compact flash memory card. The data were 
transferred for further biosignal analysis off-line using The Language of Technical Computing 
(Matlab® for Windows Version 6.5, The Mathworks Inc., MA, US) software. 
 
5.2.7. Signal processing 
In this study, the first (1 ~ 2 minute) and last (9 ~ 10 minute) minutes of the recording period 
were chosen for data analysis. The data analysis consisted of two major parts including signal 
processing and statistical analysis.  
 
It was stated earlier that subjects walked a variable number of laps within a one-minute period. 
One lap of EMG data was equivalent to the subject walking along one length of the 12 metre 
walkway. Two laps from the first minute (1 ~ 2 minute) and two laps from the last minute (9 
~ 10 minute) were chosen for analysis. Therefore, a total of four laps were analysed for this 
study.   
 
Signal processing of the EMG signal was divided into a number of steps. These steps were 
carried out in order to characterise the pattern of muscle activity sampled during 10 minutes 
of walking. The surface EMG signal recorded from the lumbar paraspinal muscles has a 
characteristic pattern (Figure 5 – 3) consisting of an alternate activity periods and rest periods 
during a single gait cycle. Each activity period is called an activity envelope.  
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Figure 5 – 3 : EMG signal after subtracting baseline drift 
Upper trace shows the original raw EMG signal which was recorded from right lumbar 5th superficial 
multifidus muscle (Right L5). It is clear that at rest the raw signal was offset from zero (Red line). 
Lower trace shows the EMG signal after the mean value of the whole raw signal was subtracted from 
the raw signal. The signal crossed over at a zero line at rest. The horizontal axis refers to time (0 ~ 
6500 sample). The vertical axis refers to the amplitude of the recorded signal. Note : both signals used 
the same level of amplification (± 0.3 m voltage).  
 
The first step of signal processing was to identify whether the signal was offset from zero 
voltage. The procedure of adjusting the original signal was the same as the MVC study 
(Please see Chapter 4, Section 4.2.7. Signal processing, Page 127 – 131).  
 
Before continuing with the second step of signal processing, it was necessary to determine 
when walking might be assumed to be at a steady state. During one lap of walking there were 
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expected to be approximately six to seven gait cycles. At the commencement of each lap, the 
walking speed could be assumed to be accelerating, and during the last two gait cycles when 
the subject neared the end of the walkway, the walking speed could be assumed to be 
decelerating. As a result, the middle three consecutive gait cycles during one lap of walking 
were selected for signal processing. One gait cycle was associated with two distinct activity 
envelopes. Therefore, six activity envelopes during three consecutive gait cycles were 
expected. This constituted one data set in our experiments. Within one-minute, two data sets 
were analysed. Therefore, a one-minute sample of EMG data consisted of 12 activity 
envelopes. As a result, a total of 24 activity envelopes were expected when the first minute (1 
~ 2 minute of walking) and the last minute (9 ~ 10 minute of walking) of EMG data were 
analysed. These activity envelopes were selected for signal processing in order to characterise 
the surface EMG pattern of low back muscle activity during steady state walking. 
 
I. Normalised amplitude relative to MVC and normalised frequency of a narrow 
(100 samples) window around the largest amplitude of the activity envelope 
Before processing the recorded raw signal of the low back muscles during walking, the 
maximum voluntary muscle contraction (MVC) task was first analysed. The previous MVC 
study showed that the amplitude of the signal during the trunk holding test without supporting 
was larger than when the signal recorded of trunk holding test with support. For this study, the 
MVC of low back muscles was measured while subjects held their trunk without any support. 
A moving RMS (mRMS) (window size: 50 samples) was used to smooth the raw signal in 
order to define the largest amplitude for each electrode site during the MVC task. This value 
was used to define the MVC ( RMSMVC ) of the low back muscles (Please see Chapter 4, 
Section 4.2.7. Signal processing, Page 127 – 131). The value of the MVC was used to 
normalise the amplitude of the EMG signal which was recorded during walking. 
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Figure 5 – 4 : Raw EMG signal, smoothed signal, and gait cycle 
Upper trace shows the raw EMG signal which was recorded from left lumbar 4th superficial multifidus 
muscle (Left L4). The horizontal axis refers to sample number (6500 samples). The vertical axis refers 
to the amplitude of the recorded signal (± 0.3 m voltage). Middle trace shows the signal after 
smoothing using a moving RMS. Six peak points (Red arrow) were defined during three consecutive 
gait cycles when walking was assumed to be at a steady state. The horizontal axis defines the window 
number (130 windows = 6500 samples). The vertical axis refers to RMS value (0 ~ 0.1m). Lower trace 
shows the gait cycle. Positive spikes (Green arrow) are beginning points of a gait cycle when the right 
heel strike occurs. Three consecutive gait cycles (Purple arrow) were involved for the data analysis. 
 
Walking activity is associated with two distinct active periods of EMG recorded from low 
back muscles (Anders et al., 2007; Callaghan et al., 1999; Carlson et al., 1988; Cromwell et 
al., 2001; Dofferhof & Vink, 1985; Ivanenko et al., 2004; Prince et al., 1994; Thorstensson et 
al., 1982; Vink & Karssemeijer, 1988; Vogt et al., 2003; White & McNair, 2002; Winter et al., 
1993; Winter & Yack, 1987). Therefore, during walking low back muscles contract and relax 
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cyclically. This cyclic activity is thought to occur could be caused in order to support and 
stabilise trunk movement during walking. As a result, the EMG signal consisted of two 
components including active and rest periods (Figure 5 – 4). The active period is called an 
activity envelope. During each activity envelope, the muscle length, its force might be 
expected to change. Therefore, the muscle contraction occurs under dynamic conditions 
during the activity envelope. During EMG recording of muscle contraction under dynamic 
conditions, the amplitude and frequency of the EMG signal is changing (Hubley-Kozey & 
Earl, 2000; Mchugh et al., 2002; Miller et al., 2000; Nakazawa et al., 1993; Potvin, 1997; 
Remaud et al., 2007).  
 
The signal recorded under such conditions might be expected to be non-stationary. In order to 
analyse this signal, it is necessary to define the same state of muscle contraction each activity 
envelope as a stationary signal. A sample of electrical activity was generated by the muscle 
when ''the same state'' was assumed to capture a slice of the signal that was stationary. In 
order to identify the part of the signal when the muscle might be assumed to be in the same 
state during steady state walking, the following was performed. The method is called the slice 
technique. The narrow window (slice technique) is an appropriate method to analyse the 
frequency of the EMG signal which is assumed to be stationary (Enderle et al., 2000; Zazula 
et al., 2004). Window size is normally used between 250 ms to 1000 ms (Clancy et al., 2004). 
When the surface EMG signal was recorded from the lumbar paraspinal muscles during 
walking, this window size suggested by Clancy, Farina, & Filligoi (2004) was greater than the 
length of the activity time in this study. Therefore, in this study the narrow window could 
capture the resting period as well as the active period. As a result, the narrow window size 
used in this study should be smaller than 250 ms. First, the recorded signal was smoothed 
using a moving RMS (mRMS) (window size: 50 samples) in order to define the largest 
amplitude of the activity envelope. Smoothing in this way allowed easy visual identification 
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of the peak amplitude of the activity envelope (Figure 5 – 4). Once identified, the window 
number value was multiplied by 50 in order to obtain the beginning sample of the 50 sample 
window of the raw signal where the largest amplitude of the activity envelope should be 
located. After that a total of 100 samples which consisted of two 50 sample windows 
including one window (50 samples) before the window which contained the largest amplitude 
of the activity envelope, and window (50 samples) which contained the largest amplitude of 
the activity envelope were taken. This new window defined peak activation of the muscle was 
used to obtain measures of the amplitude and median frequency (MF) of the signal (Figure 5 – 
5) (Singh et al., 2007). 
 
SW 
SW1 
Onset Offset 
Peak 
SW2 
 
Figure 5 – 5 : 100 sample window of the activity envelope 
SW : 100 sample window. SW1: 50 sample window before 50 sample window (SW2) which contained 
the largest amplitude of the activity envelope. SW2 : 50 sample window which contained the largest 
amplitude of the activity envelope. Onset : activation time of the activity envelope. Peak : largest 
amplitude point of the activity envelope. Offset : inactivation time of the activity envelope. 
 
Calculated RMS value ( RMSraw ) of the 100 sample window of peak activity of the activity 
envelope were divided by the mean RMS value ( RMSmvc ) of two sessions of the MVC in 
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order to compare between different gait cycles, different subjects, and different electrode sites 
(5 – 1).  
• 100*%
RMS
RMS
MVC
mvc
raw
=  --- (5 – 1) 
MVC%  is a normalised RMS value 
 
The frequency of the surface EMG signal is related to an indication of the recruitment strategy 
used by the central nervous system (CNS) to modify the force of muscle contraction. The raw 
frequency value can not be used to compare between subjects or electrode sites. As a result, 
frequency had to be normalised for each gait cycle. The normalised method which this study 
used was to take a ratio (MFr) between activity envelopes within a gait cycle. Within a gait 
cycle, the first activity envelope ( AEst1 ) was divided by the second activity envelope 
( AEnd2 ) (5 – 2). This ratio allows us to define the size of frequency between two activity 
envelopes within a gait cycles. 
• 
AE
AEMFr
nd
st
2
1
=  --- (5 – 2) 
 
II. Timing of muscle activation (Onset, Peak, and Offset) 
In order to define the dimensions of the activity envelope, three points of the activity envelope 
were measured. These included “onset” when muscle activity commenced, “peak” when 
muscle activity reached the peak level of activity, and “offset” the point of cessation of 
muscle activity. These three points (onset, peak, and offset) of the activity envelope were 
normalised relative to right heel strike in order to compare between subjects.  
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In order to identify the above three parts of the activity envelope, the signal was first 
smoothed using a moving RMS (mRMS) (window size: 50 samples). The smoothed signal 
provided adequate definition to allow visual determination of the three point of the activity 
envelope (Figure 5 – 6).  
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Figure 5 – 6 : Visual inspection for onset, peak and offset points of the activity envelope 
Figure shows a period between 50th and 71st windows was enlarged on the middle trace from Figure 5 
– 4. Onset window (Green arrow), peak window (Red arrow), and offset window (Purple arrow) were 
defined by a visual inspection on the smoothed signal. The horizontal axis refers to window (one 
window = 50 samples). The vertical axis refers to RMS value (0 ~ 0.05). 
 
Firstly, the largest amplitude of the activity envelope was identified as the peak point. Then, 
the window number of the peak point was. This window number was defined as the window 
where the peak point of the activity envelope was located. The point with the lowest RMS 
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value before the peak point of the smoothed signal was defined as the window where the 
onset point of the activity envelope was located. The point with the lowest RMS after the 
peak point of the smoothed signal was defined as the window where the offset point was 
located which contained the offset point. These window numbers were multiplied by 50 in 
order to obtain the beginning sample of the window of the raw signal. This sample number 
(time point) of the raw signal defined the onset, peak, and offset points of muscle activation 
for each activity envelope. 
 
Gait cycle was defined as the time between the first right heel strike and the next consecutive 
right heel strike as given by the electrical marker. In order to normalise the three points of the 
activity envelope relative to right heel strike within a gait cycle, the first right heel strike ( 1g ) 
was defined as the beginning point of the gait cycle, and then the second right heel strike ( 2g ) 
was defined as the end point of the gait cycle. Therefore, the three points of the activity 
envelope were represented as a percentage of one gait cycle (Figure 5 – 7) (5 – 3). 
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Figure 5 – 7 : Timing of muscle activity (Onset, Peak, and Offset) relative to right heel strike 
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=  --- (5 – 3) 
Onset : activation time of the activity envelope. Peak : largest amplitude point of the activity 
envelope. Offset : inactivation time of the activity envelope. %Onset : normalised onset point 
relative to right heel strike. %Peak : normalised peak point relative to right heel strike. %Offset : 
normalised offset point relative to right heel strike. 1g  : first right heel strike within one gait cycle. 
2g  : second right heel strike within one gait cycle. 
 
After defining the three parts of the activity envelope of the smoothed signal, the two actual 
sample numbers (time points) between onset and peak points, and between peak and offset 
points were identified. It was critical to identify the length of the activity envelope in the way 
to confirm that the slice technique (which was used to calculate the amplitude and frequency 
parameters of the activity envelope) captured the active signal within the activity envelope. If 
the slice included a period when the muscle was inactive, the value of RMS and median 
frequency (MF) might be distorted.   
 
III. Normalised area of the activity envelope, length of the activity time, amplitude of 
the narrow window within a gait cycle 
The energy of the electrical signal contained within the activity envelope amount of energy of 
muscle activity is defined by two parameters including the length of the activity time and the 
amplitude of the activity envelope. The onset and offset points of the activity envelope were 
used to define the dimensions of the activity envelope. This is called the area of the activity 
envelope (AOA). In order to calculate the AOA, the raw EMG signal was integrated between 
these two time points (5 – 4).  
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• ∫=
d
a
dxEfAOA ).(  --- (5 – 4) 
)(Ef  is EMG signal, a is the onset point of the activity envelope, d is the offset point of the 
activity envelope. 
 
After calculating the AOA , it was necessary to normalise AOA  values within each gait cycle. 
This is because raw values of the amplitude of the activity envelope and the length of the 
activity time can not be used to compare between subjects and between electrode sites. The 
normalisation method used here was the same as that used for normalisation of frequency. 
Therefore, the first activity envelope (1st AE) was divided by the second activity envelope (2nd 
AE) within a gait cycle (Figure 5 – 8).  
 
1st  
activity envelope 
2nd  
activity envelope 
Area of the activity envelope 
Ratio within a gait cycle =  
Area of the activity envelope (1st AE) / Area of the activity envelope (2nd AE) 
Area of the activity envelope 
 
Figure 5 – 8 : Normalisation procedure within a gait cycle with respect to the area of the 
activity envelope   
 
The length of the activity time is defined by a period between activation time (Onset ) and 
deactivation time ( Offset ). In order to define the length of the activity time on the raw signal, 
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the sample difference between Onset and Offset points of the activity envelope was calculated 
(5 – 5).  
• Length of the activity time  OnsetOffset −=  --- (5 – 5) 
 
The length of the activity time can be related to walking speed (Dofferhof & Vink, 1985; 
Saunders et al., 2004; Waters & Morris, 1972). Each subject walked at a different speed. In 
order to compare the length of the activity time between subjects, it was necessary to 
normalise this length within each gait cycle. The normalising method used was the same as 
that used to normalise frequency and the area of the activity envelope. The ratio of the length 
of the activity time within each gait cycle was calculated the first activity envelope (1st AE) 
and the second activity envelope (2ndAE) (Figure 5 – 9). 
 
Ratio within a gait cycle =  
Length of the activity time (1st AE) / Length of the activity time (2nd AE)  
Length of the 
activity time 
Length of the 
activity time 
1st  
activity envelope 
2nd  
activity envelope 
 
Figure 5 – 9 : Normalisation method within a gait cycle with respect to the length of the 
activity time   
 
As mentioned before, the amplitude of the activity envelope was one of factors which was 
influenced to the area of the activity envelope. In order to define the amplitude of the activity 
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envelope within a gait cycle, a ratio between the first activity envelope (1st AE) and the 
second activity envelope (2nd AE) was taken (Figure 5 – 10).  
 
1st  
activity envelope 
2nd 
activity envelope 
RMS RMS 
%MVC %MVC 
Ratio within a gait cycle =  
%MVC (1st AE) / %MVC (2nd AE)  
 
Figure 5 – 10 : Normalisation within a gait cycle with respect to the amplitude of the activity 
envelope   
 
IV. Timing within the activity envelope and shape of the activity envelope 
The narrow window method (slice technique) was used to determine the normalised 
amplitude relative to MVC and the normalised frequency of each activity envelope. The 
narrow window (100 samples) around the peak activation was assumed to capture a stationary 
signal each activity envelope. Therefore, if it is true, the amplitude and frequency of the peak 
activation would be consistent. However, when the shape of the activity envelope has an 
inconsistent pattern, the window may have a risk to capture the different point of the peak 
activation each activity envelope. Therefore, the shape of the activity envelope was to 
determine whether it affected the amplitude and frequency of the peak activation. There are 
three possible types of the shapes of the activity envelope given as below (Figure 5 – 11).  In 
order to define the shape of the activity envelope (SOA), firstly the three components 
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(including onset, peak and offset) of the activity envelope were defined and then each 
component were normalised relative to the beginning of the gait cycle.  
 
B A C 
Onset Offset Onset Offset Onset Offset 
PeakPeak Peak
 
Figure 5 – 11 : Pattern of the shape of the activity envelope (SOA) 
Onset : activation time of the activity envelope. Peak : largest amplitude point of the activity envelope. 
Offset : inactivation time of the activity envelope. A : OnPk (Onset to Peak) > PkOff (Peak to Offset). 
B : OnPk (Onset to Peak) = PkOff (Peak to Offset). C : OnPk (Onset to Peak) < PkOff (Peak to offset). 
 
1st  
Activity  
envelope 
2nd 
Activity 
envelope 
3rd 
Activity 
 envelope 
4th 
Activity  
envelope 
5th 
Activity 
envelope 
6th 
Activity 
envelope 
%Onset 
%Peak 
%Onset 
%Peak 
%Onset 
%Peak 
%Onset %Onset %Onset 
%Peak %Peak %Peak 
1st gait cycle 2nd gait cycle 3rd gait cycle 
Right heel strike Right heel strike Right heel strike Right heel strike 
OnPk OnPk OnPk 
 
Figure 5 – 12 : Timing between onset and peak within an activity envelope 
 
The time between normalised onset (%Onset) and peak (%Peak) relative to right heel strike 
within an activity envelope was defined as OnPk (Figure 5 – 12) (5 – 6).  
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• OnsetPeakOnPk %% −=  --- (5 – 6) 
 
1st  
Activity  
envelope 
2nd 
Activity 
envelope 
3rd 
Activity 
 envelope 
4th 
Activity  
envelope 
5th 
Activity 
envelope 
6th 
Activity 
envelope 
%Offset %Offset 
%Peak 
%Offset 
%Peak 
%Offset 
%Peak 
%Offset 
%Peak %Peak %Peak 
1st gait cycle 2nd gait cycle 3rd gait cycle 
Right heel strike Right heel strike Right heel strike Right heel strike 
PkOff PkOff PkOff 
 
Figure 5 – 13 : Timing between peak and offset within an activity envelope 
 
The time between normalised peak (%Peak) and offset (%Offset) relative to right heel strike 
within an activity envelope was defined as PkOff (Figure 5 – 12) (5 – 7). 
• PeakOffsetPkOff %% −=  --- (5 – 7) 
1st  
Activity  
envelope 
2nd 
Activity 
envelope 
3rd 
Activity 
 envelope 
4th 
Activity  
envelope 
5th 
Activity 
envelope 
6th 
Activity 
envelope 
%Offset 
%Onset 
%Offset 
%Offset 
%Onset 
%Onset %Onset %Onset 
%Offset 
%Onset 
%Offset 
1st gait cycle 2nd gait cycle 3rd gait cycle 
Right heel strike Right heel strike Right heel strike Right heel strike 
OnOff OnOff OnOff 
 
Figure 5 – 14 : Timing between onset and offset within an activity envelope 
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The time between normalised onset (%Onset) and offset (%Offset) relative to right heel strike 
within an activity envelope was defined as OnOff (Figure 5 – 13) (5 – 8).  
• OnsetOffsetOnOff %% −=  --- (5 – 8) 
 
1st  
Activity  
envelope 
2nd 
Activity 
envelope 
3rd 
Activity 
 envelope 
4th 
Activity  
envelope 
5th 
Activity 
envelope 
6th 
Activity 
envelope 
1st gait cycle 2nd gait cycle 3rd gait cycle 
Right heel strike Right heel strike Right heel strike Right heel strike 
OnPk 
PkOff 
SOA =  
OnPk/PkOff 
OnPk 
PkOff 
OnPk 
PkOff 
SOA =  
OnPk/PkOff 
OnPk 
PkOff 
SOA =  
OnPk/PkOff 
OnPk 
PkOff 
 
Figure 5 – 15 : Shape of the activity envelope (SOA) 
 
After calculating the component parts of the activity envelope, timing (OnPk) between 
normalised onset and peak points of the activity envelope relative to right heel strike was 
divided by timing (PkOff) between normalised peak and offset points of the activity envelope 
relative to right heel strike. This ratio defined the shape of the activity envelope (SOA) (Figure 
5 – 15) (5 – 9).  
• PkOffOnPkSOA /=  --- (5 – 9) 
 
V. Interval timing within a gait cycle (OnOn, PkPk, and OffOff) 
In previous sections, timing of the activity envelope (%Onset, %Peak and %Offset) and 
components of the activity envelope (OnPk, PkOff, OnOff, and shape of the activity envelope 
(SOA)) were determined during consecutive gait cycles was defined. However, the length of 
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time between activity envelopes within a gait cycle was not determined. The interval timing 
within each gait cycles was defined as the time difference between the first activity envelope 
(1st AE) and second activity envelope (2nd AE) within a gait cycle with respect to three points 
of the activity envelope. Therefore, each point of the activity envelope was calculated within a 
gait cycle (Figure 5 – 16, 17, and 18) (5 – 10), (5 – 11), and (5 – 12). 
 
1st  
Activity  
envelope 
2nd 
Activity 
envelope 
3rd 
Activity 
 envelope 
4th 
Activity  
envelope 
5th 
Activity 
envelope 
6th 
Activity 
envelope 
1st gait cycle 2nd gait cycle 3rd gait cycle 
Right heel strike Right heel strike Right heel strike Right heel strike 
%Onset 
%Onset 
OnOn 
%Onset 
%Onset 
OnOn 
%Onset 
%Onset 
OnOn 
 
Figure 5 – 16 : Timing between onset (1st activity envelope) and onset (2nd activity envelope) 
within a gait cycle 
 
• OnOn =  2%Onset  – 1%Onset   --- (5 – 10) 
1%Onset  is the normalised onset point relative to right heel strike of the first activity envelope 
(1st AE) within one gait cycle. 2%Onset  is the normalised onset point relative to right heel strike 
of the second activity envelope (2nd AE) within one gait cycle.  
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1st  
Activity  
envelope 
2nd 
Activity 
envelope 
3rd 
Activity 
 envelope 
4th 
Activity  
envelope 
5th 
Activity 
envelope 
6th 
Activity 
envelope 
1st gait cycle 2nd gait cycle 3rd gait cycle 
Right heel strike Right heel strike Right heel strike Right heel strike 
%Peak 
%Peak 
PkPk 
%Peak 
%Peak 
PkPk 
%Peak 
%Peak 
PkPk 
 
Figure 5 – 17 : Timing between peak (1st activity envelope) and peak (2nd activity envelope) 
within a gait cycle 
 
• PkPk = 2%Peak  – 1%Peak  --- (5 – 11) 
1%Peak  is the normalised peak point relative to right heel strike of the first activity envelope (1st 
AE) within one gait cycle. 2%Peak  is the normalised peak point relative to right heel strike of 
the second activity envelope (2nd AE) within one gait cycle. 
 
1st  
Activity  
envelope 
2nd 
Activity 
envelope 
3rd 
Activity 
 envelope 
4th 
Activity  
envelope 
5th 
Activity 
envelope 
6th 
Activity 
envelope 
1st gait cycle 2nd gait cycle 3rd gait cycle 
Right heel strike Right heel strike Right heel strike Right heel strike 
%Offset 
%Offset 
%Offset 
OffOff 
%Offset 
%Offset 
OffOff 
 
Figure 5 – 18 : Timing between offset (1st activity envelope) and offset (2nd activity envelope) 
within a gait cycle 
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• OffOff = 2%Offset  – 1%Offset  --- (5 – 12) 
1%Offset  is the normalised offset point relative to right heel strike of the first activity envelope 
(1st AE) within one gait cycle. 2%Offset  is the normalised offset point relative to right heel 
strike of the second activity envelope (2nd AE) within one gait cycle. 
 
5.2.8. Statistical analysis 
The surface EMG signal was recorded from paraspinal muscles during steady state walking. 
Several parameters defined above were used to characterise the pattern of muscle activity of 
paraspinal muscles during steady state walking. The first aim of this study was to evaluate the 
consistency of muscle activation of paraspinal muscles within a subject within a minute. A 
second aim of this study was to evaluate the consistency of muscle activation of paraspinal 
muscles between subjects over a 10 minute. A third aim of this study was to determine the 
pattern of activity of paraspinal muscles difference between sides at the same level of the 
spine and between three levels of the spine on the same side. In order to achieve these steps, a 
series of statistical test were carried out and are detailed below (I. ~ IV.). A significance level 
of 0.05 was accepted as representing a significant change for this study. Two statistical 
programs (Minitab® for Windows, version 14, Minitab Inc., State College, PA, US)(SPSS for 
Windows, Version 13, SPSS Inc., Chicago, Illinois, US) were used to do all statistical 
analyses below.  
 
I. Individual consistency within the first recording minute (1 ~ 2 minute)  
The first statistical analysis (Figure 5 – 19) was used to evaluate between subjects, and within 
subject variation in order to determine whether the pattern of muscle activation of paraspinal 
muscles within a subject was greater than or less than that of the group of subjects (N = 10) 
within a subject each parameter within the first minute (1 ~ 2 minute) of the data collection 
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period. In other words, this analysis tested whether the variation within a subject was greater 
or less than the variation between subjects.  
 
Flow chart of the first statistical analysis 
Individual consistency within the first recording minute (1 ~ 2 minute)  
First step 
The F-test was used to assess two variabilities (variation within subjects & variation  
between subjects) within the first recording minute (first and second sets)  
First minute recording (1 ~ 2 minute) 
First data set = Three consecutive gait cycles 
Second data set = Three consecutive gait cycles 
Six activity envelopes were divided into two activity envelope groups  
which were assumed to coincide with right and left heel strike 
Left heel strike group (LHSG)  
First, third, and fifth activity envelopes 
 
The F-test was used to assess two variabilities 
(variation within subjects & variation  
between subjects) within LHSG 
Right heel strike group (RHSG) 
Second, fourth, and sixth activity envelopes 
 
The F-test was used to assess two variabilities 
(variation within subjects & variation  
between subjects) within RHSG 
 
Figure 5 – 19 : Flow chart of steps of the first statistical analysis to determine whether there 
was a consistent pattern of muscle activity within a subject in paraspinal muscles within the 
first recording minute  (1 ~ 2 minute) 
 
In this analysis, the F-test was used to define the ratio of “the variation between subjects” to 
“the variation within a subject (error variation)” (Portney & Watkins, 2000). The null 
hypothesis was that there is no difference in pattern of activation of paraspinal muscles as 
defined by the parameters of the processed signal between subjects. When the null hypothesis 
was true, the variation between subjects was equal to or less than the variation within a 
subject. Therefore, the F-ratio would be expected to be approximately one or less than one (F-
ratio ≤ 1). This means that the variation within a subject is equal to or greater than the 
variation between subjects. This in turn was interpreted as there being no consistent pattern of 
muscle activity for each subject during walking. In other words, the behaviour of the 
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paraspinal muscles during walking changes over time during walking within a subject. 
Alternatively the signal processing tools were used to characterise the surface EMG signal in 
this study may not have been sensitive enough to pick up differences between subjects. When 
the null hypothesis is false, the variation between subjects is larger than the variation within a 
subject. Therefore, the F-ratio is larger than one (F-ratio > 1). This means that for an 
individual the variation in pattern of activation of paraspinal muscles is less than the variation 
that occurs between individuals. This in turn was interpreted as there being a support for the 
proposal that individuals activate their paraspinal muscles in a consistent way during natural 
walking or a first surface analysis were conducted on data collected within the first minute of 
the data collection period.  
 
II. Consistency of activation pattern over 10-minute of walking 
The second statistical analysis (Figure 5 – 20) was divided into six stages in order to 
determine whether there was a consistent pattern of muscle activity within the 10 minute of 
walking. Two data sets of consecutive gait cycles were analysed for the first (1 ~ 2 minute) 
and last recording minutes (9 ~ 10 minute). Each minute had two stages of statistical analysis 
to determine whether there was a consistent pattern of muscle activity 1) within a data set of 
consecutive gait cycles, and 2) between two data sets within a same minute. If both minutes 
demonstrated consistent pattern of muscle activity, a further statistical analysis was conducted 
to determine whether there was a consistent pattern between the first and last minute of 
recording. The initial stage of this statistical analysis tested the data for the assumption of 
normality using the Kolmogorov-Smirnov normality test for each variable for each data set of 
consecutive gait cycles. 
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Flow chart of the second statistical analysis 
Consistent pattern of paraspinal muscles during 10 minutes of recording 
First stage 
Kolomogorov-Smirnov normality test was used to define whether the data comes from a normal dis-
tribution within three consecutive gait cycles each data set. 
First recording minute (1 ~ 2 minute) 
First data set = Three consecutive gait cycles   
Second set = Three consecutive gait cycles 
Last recording minute (9 ~10 minute) 
Third data set = Three consecutive gait cycles 
Fourth data set = Three consecutive gait cycles 
If there was a consistent pattern between two data sets for both recording minutes, 
Move to the sixth stage. 
Sixth stage (between minutes) 
Kolomogorov-Smirnov normality test was used for each minute data. 
 
The statistical analysis (a two tailed paired t-test or two tailed paired Wilcoxon 
signed-rank test) was conducted to compare between  two recording minutes. 
Second stage (within a data set) 
The statistical analysis (a one-way repeated 
measures ANOVA or the friedman test) was 
conducted to compare between activity en-
velopes within each data set in the first re-
cording minute (1 ~ 2 minute). 
 
• If there is a consistent pattern each 
data set, Move to the third stage. 
 
Third stage (within a minute) 
Kolomogorov-Smirnov normality test was 
used for each data set. 
 
The statistical analysis (a two tailed paired t-
test or two tailed paired Wilcoxon signed-
rank test) was conducted to compare be-
tween two data sets within the first recording 
minute (1 ~ 2 minute). 
Fourth stage (within a data set) 
The statistical analysis (a one-way repeated 
measures ANOVA or the friedman test) was 
conducted to compare between activity en-
velopes within each data set in the last re-
cording minute (9 ~ 10 minute). 
 
• If there is a consistent pattern each 
data set, Move to the fifth stage. 
 
Fifth stage (within a minute) 
Kolomogorov-Smirnov normality test was 
used for each data set. 
 
The statistical analysis (a two tailed paired t-
test or two tailed paired Wilcoxon signed-
rank test) was conducted to compare be-
tween two data sets within the last recording 
minute (9 ~ 10 minute). 
First & Second data sets Third & Fourth data sets 
 
Figure 5 – 20 : Flow chart of stages of the second statistical analysis to determine whether 
there was a consistent pattern of muscle activity in paraspinal muscles during 10 minutes of 
walking 
 
i. Consistency of activation pattern with three consecutive gait cycles within the first 
(1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes  
In order to determine whether there was a consistent pattern of muscle activation within the 
first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes, the statistical analysis was 
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divided into two stages. The second and fourth stages of the second statistical analysis (Figure 
5 – 20) was to determine there was a consistent pattern of muscle activity within a data set of 
consecutive gait cycles overall subjects. The null hypothesis was that the six activity 
envelopes (AE) were similar (1stAE = 2ndAE = 3rdAE = 4thAE = 5thAE = 6thAE) with respect 
to each of the parameters used to define the signal. When at least one activity envelope was 
different from the others, the null hypothesis was rejected. A one-way repeated measures 
ANOVA was used to examine whether there was a difference among the six activity envelopes 
during three consecutive gait cycles. When the normality test was significant (p < 0.05), the 
non-parametric Friedman test was used to compare among activity envelopes. The six activity 
envelopes were further divided into two sub-groups. Each subgroup of activity envelopes 
coincided with either right or left heel strike. The hypothesis was that within three consecutive 
gait cycles there was no difference among the 1st, 3rd, 5th AEs (1stAE = 3rdAE = 5thAE), and no 
difference among the 2nd, 4th, 6th AEs (2ndAE = 4thAE = 6thAE). The alternative hypothesis 
was that there was a difference between 1st, 3rd, 5th AE group and 2nd, 4th, 6th AE group 
((1stAE = 3rdAE = 5thAE) ≠ (2ndAE = 4thAE = 6thAE)).When the ANOVA showed a significant 
difference (p < 0.05), a pairwise comparison was carried out to define which AE was different 
from the others using a two tailed paired t-test with adjusted α  levels (the Holm’s sequential 
Bonferroni procedure) (Green & Salkind, 2005).  
 
The third and fifth stages of the second statistical analysis (Figure 5 – 20) was to define 
whether there was a consistent pattern of muscle activity between two different data sets of 
gait cycles within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes. Three 
consecutive gait cycles were defined as one data set. Two data sets were sampled within a 
single minute of the recording period. Firstly, the data for the assumption of normality was 
tested using the Kolmogorov-Smirnov normality test. The null hypothesis was that there was 
no difference in parameters used to define the activity envelope of the first data set (S1) is 
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same with the second data set (S2) (S1 = S2). When the first data set is different from the 
second data set (S1 ≠ S2), the null hypothesis was rejected. A two tailed paired t-test was used 
as the test of difference between the two different data sets within the first (1 ~ 2 minute) and 
last (9 ~ 10 minute) recording minutes. When the normality test was significant (p < 0.05), a 
Wilcoxon signed-rank test was used.  
 
Four parameters including the amplitude and median frequency of the narrow window, the 
area of the activity envelope, and the length of the activity time was normalised for each gait 
cycle. So that, the normalised parameters could be compared between subjects. After 
determining that the EMG data were consistent between the two data sets of consecutive gait 
cycles within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes, the two data 
sets were sampled within a single minute of recording period. 
 
Flow chart of steps of the third statistical analysis 
Comparison between 1st and 2nd activity envelopes within a gait cycle 
Third and Fifth stages (within a minute) 
Kolmogorov-Smirnov normality test was used for 
each data set. 
 
A two tailed paired t-test or two tailed paired Wil-
coxon signed-rank test was conducted to compare 
between two data sets within the first (1 ~ 2 min-
ute) and last recording minutes (9 ~ 10 minute). 
 
• If there is a consistent pattern between 
data sets, Move to the next step. 
Comparison analysis between activity en-
velops (1st and 2nd activity envelopes) 
within a gait cycle 
 
Kolmogorov-Smirnov normality test was used 
for a minute of data. 
 
A two tailed one sample t-test or two tailed one 
sample paired Wilcoxon signed-rank test was 
used to compute the confidence interval (CI) at 
each electrode site within a minute of data. 
 
Figure 5 – 21 :  Flow chart of steps of the third statistical analysis to determine whether first 
activity envelope (1st AE) was different from the second activity envelope (2nd AE) within a 
gait cycle within a single minute of recording 
 
 The purpose of this analysis (Figure 5 – 21) was to define whether the first activity envelope 
(1st AE) was different from the second activity envelope (2nd AE) within a gait cycle with 
respect to these parameters. The null hypothesis was that the frequency of the first activity 
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envelope was the same as that of the second activity envelope (1st AE = 2nd AE). In order to 
test this hypothesis, a two tailed one-sample t-test was used to compute a confidence interval 
(CI) at each electrode site. However, a two-tailed one-sample Wilcoxon signed-rank test as 
the non-parametric test was used when the normality test was significant (p < 0.05). When the 
CI contained one in this analysis, the null hypothesis was accepted. The implication is that 
there is no difference between the two activity envelopes within a gait. Conversely if the CI 
does not contain one, the null hypothesis was rejected. Therefore, there is a difference 
between two activity envelopes within a gait cycle (1st AE ≠ 2nd AE). 
 
ii. Consistency of activation pattern between the first and last recording minutes of a 
10-minute period of walking 
If there was a difference between the first and last minutes, a difference (change) in the 
pattern of muscle activity of the paraspinal muscles may be caused by muscle fatigue. The 
sixth stage of the second statistical analysis (Figure 5 – 20) was to define whether there was a 
consistent pattern of muscle activity between the first (1 ~ 2 minute) and last (9 ~ 10 minute) 
recording minutes. When statistical analyses indicated a consistent pattern of muscle activity 
for specific parameters within the first minute (the first and second data sets) and the last 
minute (the third and fourth sets), the next stage of analysis was performed. The first and 
second data sets were collapsed into a single data set, and the third and fourth data sets were 
collapsed into a single data set representing the last minute of the 10-minute walking activity. 
First, the data for the assumption of normality was tested using the Kolmogorov-Smirnov 
normality test for each minute. A two tailed paired t-test was used to examine the mean of the 
two different data collection period (the first and last minutes). When the normality test was 
significant (p < 0.05), a Wilcoxon signed-rank test was used to compare between two 
different time periods. 
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III. Muscle activation patterns on either side of the spine  
The fourth statistical analysis (Figure 5 – 22) was to define a unique pattern of muscle activity 
between sides at the same level within the first minute (1 ~ 2 minute) of the data collection 
period. During walking, trunk movement shifts in sagittal and frontal planes (Thorstensson et 
al., 1984). Around heel strike, we expect one side of the paraspinal muscle to be lengthening 
which in turn results in shortening of the other side in order to support the trunk movement. 
Therefore, different muscle would be expected to have a different activity between sides on 
the same level.  
 
Flow chart of steps of the fourth statistical analysis 
Comparison between sides each level of the spine 
Comparison analysis between sides 
Kolmogorov-Smirnov normality test was used for 
a minute of data each side. 
 
A two tailed paired t-test or two tailed paired Wil-
coxon signed-rank test was conducted to com-
pare between sides within the first recording 
minute (1 ~ 2 minute). 
Third stages (within a minute) 
Kolmogorov-Smirnov normality test was used for 
each data set. 
 
A two tailed paired t-test or two tailed paired Wil-
coxon signed-rank test was conducted to compare 
between two data sets within the first recording 
minutes (1 ~ 2 minute) . 
 
• If there is a consistent pattern between 
data sets, Move to the next step. 
 
Figure 5 – 22 : Flow chart of steps of the fourth statistical analysis to determine whether there 
was a difference between sides at the same level with the first recording minute (1 ~ 2 minute) 
 
The null hypothesis was that muscle behaviour between two sides were in the same way (right 
side = left side). When muscle activity on the right side was different from that of the left side, 
the null hypothesis was rejected. When there was a consistent pattern between two data sets of 
consecutive gait cycles within the first recording minute, these data sets were sampled within 
a single minute of recording period each electrode side. This one data set of the minute was 
used in this analysis. When two sides of recorded muscle activity at the same level had a 
consistent pattern between two data sets of consecutive gait cycles, the data for the 
assumption of normality was tested using the Kolmogorov-Smirnov normality test for each 
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side. A two tailed paired t-test was used to examine a difference between sides at the same 
level.  When the normality test was significant (p < 0.05), a Wilcoxon signed-rank test was 
used to compare between sides. 
 
IV. Difference among three levels of the spine at the same side 
The fifth statistical analysis (Figure 5 – 23) was used to identify whether a unique pattern of 
muscle activity was evident among three different levels of the spine on the same side within 
the first minute (1 ~ 2 minute) of the data collection period. Surface electromyography (EMG) 
picks up the electrical activity from the superficial layers of the most active fibres. In the 
lumbar spine, the bands of the most superficial fibres of the multifidus muscle spans multiple 
segmental levels (Macintosh et al., 1986). Therefore, the same pattern of muscle activity 
between adjacent spinal levels was expected.  
 
Flow chart of steps of the fifth statistical analysis 
Comparison between levels each side 
Comparison analysis between levels 
Kolmogorov-Smirnov normality test was used for 
a minute of data each level. 
 
A one-way repeated measures ANOVA or the 
Friedman test was conducted to compare be-
tween levels within the first recording minute (1 ~ 
2 minute). 
Third stages (within a minute) 
Kolmogorov-Smirnov normality test was used for 
each data set. 
 
A two tailed paired t-test or two tailed paired Wil-
coxon signed-rank test was conducted to compare 
between two data sets within the first recording 
minutes (1 ~ 2 minute) 
 
• If there is a consistent pattern between 
data sets, Move to the next step. 
 
Figure 5 – 23 : Flow chart of steps of the fifth statistical analysis to determine whether there 
was a difference between levels at the same side within the first minute recording (1 ~ 2 
minute) 
 
In this analysis, two data sets were sampled within a single minute of recording period for 
each level of the spine when there was a consistent pattern between data sets within the first 
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minute recording. The null hypothesis for this analysis is that three levels of recorded activity 
behave in the same way (T8 = T12 = L4 = L5). When at least one level was found to be 
different from the other levels, the null hypothesis was rejected. The data for the assumption 
of normality was tested using the Kolmogorov-Smirnov normality test for each level. A one-
way repeated measures ANOVA was used to examine for differences among the three levels. 
When the normality test was significant (p < 0.05), the non-parametric Friedman test was 
used to compare among the three levels. When the ANOVA showed a significant difference (p 
< 0.05) among three levels, a pairwise comparison was carried out to define which level was 
different from the others using a two tailed paired t-test with adjusted α  levels (the Holm’s 
sequential Bonferroni procedure) (Green & Salkind, 2005). When only two levels of recorded 
activity had a consistent pattern within the first recording minute, a two tailed paired t-test 
was used to examine for differences between the two spinal levels within the first recording 
minute. When the normality test was significant (p < 0.05), a Wilcoxon signed-rank test was 
used to compare between levels. If there was no difference among three levels, this would 
mean that surface EMG can not pick up any differences among different levels at the same 
side. 
 
5.3. Results 
Thirteen parameters were used to characterise the pattern of muscle activity while subjects 
walked for a period of 10 minutes at a constant speed. The EMG data for analysis were 
selected during the second minute (the first recording minute)(1 ~ 2 minute) and the last 
minute (the last recording minute)(9 ~ 10 minute) of the walking period (Please see Section 
5.2.7. Signal processing, Page 145 – 163).  
 
Within the first recording minute, in one subject some of laps contained noise, therefore, it 
can not be identified how there are many gait cycles on these laps. The average of the first 
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recording minute was 5.46 ± 0.66 gait cycles per lap. Within the last recording minute in one 
subject signal from the foot sensor was lost. The average of the last recording minute was 
5.34 ± 0.78 gait cycles per lap. There was no significant difference (p > 0.05) in the gait 
cycles per lap between two different recording minutes (Appendix C – 2).   
 
5.3.1. Visual inspection for the smoothed signal 
After smoothing the raw signal by a moving RMS (mRMS) to identify three points (onset, 
peak, and offset) of each activity envelope for each data set (Please see Figure 5 – 6), visual 
inspection was carried out. Although there were six activity envelopes visualised on the raw 
signal, in some subjects the number of activity envelopes was reduced within a data set on the 
smoothed signal. The reason for this was that, on occasion, after smoothing the signal the 
boundary between the activity envelope and the rest period was not clearly visible. When this 
occurred, this activity envelope was excluded from the analysis. The first and second data sets 
represented back muscle activity recorded during the first recording minute (1 ~ 2 minute). 
Within the first data set (Appendix C – 3), only five activity envelopes could be identified for 
one out of 10 subjects. However, within the second data set (Appendix C – 3), six activity 
envelopes were identified for all subjects for all electrode sites. The third and fourth data sets 
were represented back muscle activity recorded during the last recording minute (9 ~ 10 
minute). Within the last recording minute, for one subject the signal from the foot sensor was 
lost. As a result, the EMG signal could not be defined relative to right heel strike in this 
subject, so these data were excluded from the analysis. Within the third data set (Appendix C 
– 3), six activity envelopes could be identified for eight out of nine subjects for all electrode 
sites. Within the fourth data set (Appendix C – 3), six activity envelopes could be identified 
for seven out of nine subjects for all electrode sites. After smoothing the signal, it was more 
difficult to define the three points of the activity envelope including onset, peak and offset at 
the thoracic level in comparison to the lumbar level within the last recording minute. For right 
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level, in most of subjects the activity envelopes were not clearly defined on the raw EMG 
signal. Therefore, this electrode site was excluded for further biosignal processing. 
 
5.3.2. Normalised amplitude relative to MVC and normalised frequency of 
a narrow (100 samples) window around the largest amplitude of the 
activity envelope 
A narrow window around the largest amplitude of the activity envelope was used to calculate 
the normalised amplitude and frequency of the narrow window around the largest amplitude 
of the activity envelope during consecutive gait cycles for each data set (Please see Section 
5.2.7. Ι. Normalised amplitude relative to MVC and normalised frequency of a narrow (100 
samples) window around the largest amplitude of the activity envelope, Page 147 – 151).  
 
I. Individual consistency within the first recording minute (1 ~ 2 minute)  
The F-ratio (Figure 5 – 19) was used to assess two variabilities: variation within subjects and 
variation between subjects during the first recording minute (1 ~ 2 minute) with respect to the 
normalised amplitude relative to MVC and normalised median frequency within a gait cycle. 
Therefore, the first and second data sets of consecutive gait cycles were used for this analysis. 
The results of this analysis are summarised in Table 5 – 3. 
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Table 5 – 3 : Normalised amplitude relative to MVC and normalised frequency within a 
gait cycle – Results of the F-test within the first recording minute (1 ~ 2 minute) 
Normalised amplitude relative to MVC Electrode site All LHSG RHSG 
Normalised Frequency 
within a gait cycle 
T12 10.78** 24.98** 11.43** 2.91* 
L4 17.22** 24.64** 17.45** 1.64 Right 
L5 10.47** 15.29** 13.63** 5.14* 
T12 5.55** 12.06** 11.44** 1.98 
L4 25.81** 32.14** 14.06** 3.10* Left 
L5 3.73** 8.86** 4.38** 1.06 
 
All values reported are the F-ratio. ** p < 0.01, * p < 0.05. "All" indicates that 12 activity envelopes 
were used in the F-test. LHSG is the left heel strike group (including first, third, and fifth activity 
envelopes). RHSG is the right heel strike group (including second, fourth, and sixth activity 
envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th superficial multifidus muscle. L5 : 
lumbar 5th superficial multifidus muscle. 
 
The F-test found a significant difference (p < 0.05) between subjects for all electrode sites 
with respect to the normalised amplitude relative to MVC, when all 12 activity envelopes 
were involved (Table 5 – 3). 
 
During walking, around heel strike, the trunk flexes laterally  to the stance leg side which is 
the same side as heel strike, while muscle activity on the contralateral side to the heel strike 
side resists bending of the spine (Thorstensson et al., 1982). Therefore, muscle activity 
patterns or either side of the spine might be expected to be different walking. On this basis, 
the activity envelopes of three consecutive gait cycles were separated into two groups (Each 
group was assumed to coincide with right or left heel strike respectively). When these activity 
envelopes were divided into two activity envelope groups, the F-test indicated a significant 
difference (p < 0.05) between subjects for all electrode sites for both activity envelope groups 
with respect to the normalised amplitude relative to MVC (Table 5 – 3) (Figure 5 – 19). 
Therefore, for the normalised amplitude relative to MVC, the variation between subjects was 
significantly greater than the variation within subjects for all electrode sites. This suggests 
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that during the first recording minute (1 ~ 2 minute), there was a consistent pattern of size of 
the normalised amplitude within subjects. In other words, the level of exertion of the 
paraspinal muscles was more variable between subjects than within subjects for each 
electrode site.    
 
For the normalised median frequency within a gait cycle, the F-test also showed a significant 
difference (p < 0.05) between subjects for three out of six electrode sites (Table 5 – 3). 
Although the analysis showed no significant difference (p > 0.05) between the 10 subjects for 
three out of six electrode sites, the F-ratio remained greater than one for these electrode sites. 
This suggests that during the first recording minute (1 ~ 2 minute), there was a consistent 
pattern of the normalised median frequency within a gait cycle between subjects. In other 
words, the ratio (between the first and second activity envelopes within a gait cycle) had more 
difference between subjects than within subjects for each electrode site. 
 
II. Consistency of activation pattern over 10-minute of walking 
During the 10 minute period of walking, walking speed was constant, and trunk movement 
was regulated by having the subject focus on a visual image at all times. Therefore, as body 
segment movements were assumed to be constant, it was also assumed that muscle 
performance was also constant.  
 
i. Consistent pattern within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording 
minutes  
This statistical analysis tested the hypothesis that a narrow window around the largest 
amplitude of the activity envelope captured the same state of muscle activity (defined by the 
amplitude and frequency components of the surface EMG signal) across gait cycles during the 
first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes. This analysis was divided into 
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two sections including examining a) the pattern within a data set (Second and Fourth stages : 
Figure 5 – 20), and b) the pattern between two data sets (First and Second data sets) (Third 
and Fourth data sets) within one minute (Third and Fifth stages : Figure 5 – 20) (Please see 
Section 5.2.8. ΙΙ. і. Consistency of activation pattern within the first (1 ~ 2 minute) and last (9 
~ 10 minute) recording minutes, Page 166 – 169). The results of this analysis are summarised 
in Table 5 – 4 and 5 – 5.  
 
 Table 5 – 4 : Normalised amplitude relative to MVC – Consistent pattern of muscle 
activity within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes 
First recording minute (1 ~ 2 minute) 
First data set Second data set Between data sets Electrode site 
All LHSG RHSG All LHSG RHSG All LHSG RHSG 
T12  ----- -----  ----- -----  ----- ----- 
L4 *    ----- ----- N/A   Right 
L5 *    ----- ----- N/A   
T12  ----- ----- *   N/A  * 
L4  ----- -----  ----- -----  ----- ----- Left 
L5  ----- ----- *   N/A  * 
 
Last recording minute (9 ~ 10 minute) 
Third data set Four data set Between data sets Electrode site 
All LHSG RHSG All LHSG RHSG All LHSG RHSG 
T12 *   *   -----   
L4  ----- ----- 
 
----- -----  ----- ----- Right 
L5 
 
----- ----- 
 
----- ----- 
 
----- ----- 
T12 *   
 
----- ----- -----   
L4 
 
----- ----- 
 
----- ----- 
 
----- ----- Left 
L5 
 
----- ----- 
 
----- ----- 
 
----- ----- 
 
* indicates significant difference (p < 0.05) among activity envelopes or between sets using the 
parametric test or non parametric test. Blank cell indicates no significant difference (p > 0.05) among 
activity envelopes or between sets. "-----" indicates the statistical analysis was not carried out due to a 
consistent pattern among six activity envelopes. N/A indicates that the statistical analysis was not 
carried out due to an inconsistent pattern within a data set of consecutive gait cycles. "All" indicates 
that the statistical analysis was conducted on six activity envelopes. LHSG is the left heel strike group 
(including first, third, and fifth activity envelopes). RHSG is the right heel strike group (including 
second, fourth, and sixth activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th 
superficial multifidus muscle. L5 : lumbar 5th superficial multifidus muscle. 
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For the normalised amplitude relative to MVC, within the first data set, the statistical analysis 
showed a significant difference (p < 0.05) among activity envelopes for right L4 and right L5 
electrode sites. For these electrode sites, at least one activity envelope was different from the 
others. In order to identify which activity envelope was different from the others, a pairwise 
comparison was carried out. In this study, this comparison was used to test the hypothesis that 
there was no difference between the first, third, and fifth activity envelopes, and no difference 
between the second, fourth, and sixth activity envelopes. This comparison found no 
significant difference (p > 0.05) among the three activity envelopes for both activity envelope 
groups. One group was assumed to coincide with left heel strike (including first, third, and 
fifth activity envelopes), and the activity envelope group which was assumed to coincide with 
right heel strike (including second, fourth, and sixth activity envelopes) (Table 5 – 4).  
 
Within the second data set, the statistical analysis found a significant difference (p < 0.05) 
among activity envelopes with respect to the normalised amplitude relative to MVC for left 
T12 and left L5 electrode sites. When a pairwise comparison was carried out for these 
electrode sites, there was no significant difference (p > 0.05) between any of the activity 
envelopes within the group which was assumed to coincide with left heel strike, and the 
activity envelope group which was assumed to coincide with right heel strike (Table 5 – 4). 
Therefore, within the first recording minute there was a consistent pattern for both data sets of 
consecutive gait cycles with respect to the level of exertion of paraspinal muscles.  
 
In the previous analysis, for the normalised amplitude relative to MVC, two electrode sites for 
each data set had to be divided into two activity envelope groups (which were assumed to 
coincide with right or left heel strike). When the statistical analysis was conducted on each 
activity envelope group, there was no significant difference among activity envelopes for 
these electrode sites. When one of the data sets was divided into two activity envelope groups 
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in the previous analysis, before commencing this analysis, the other data set was also divided 
into two sub groups which were assumed to coincide with one or other heel strike. Therefore, 
four electrode sites including right L4, right L5, left T12, and left L5 were divided in this 
analysis.   
 
For right T12, and left L4 electrode sites there was no significant difference (p > 0.05) 
between two data sets (First data set = Second data set) with respect to the normalised 
amplitude relative to MVC (Table 5 – 4). When activity envelopes were divided into two 
groups for right L4, right L5, left T12, and left L5 electrode sites, only right L4, and right L5 
electrode sites showed a consistent pattern of the normalised amplitude between two data sets 
within the first recording minute for both activity envelope groups. Left T12 and left L5 
electrode sites showed a consistent pattern between two data sets for the activity envelope 
group which was assumed to coincide with left heel strike (LHSG). There was an inconsistent 
pattern (First data set ≠ Second data set) of the normalised amplitude relative to MVC for left 
T12 and left L5 electrode sites for the activity envelope group which was assumed to coincide 
with right heel strike (RHSG) (Table 5 – 4).  
 
Within the last recording minute, the statistical analysis via the ANOVA (Fourth stage : Figure 
5 – 20) and found no significant difference (p > 0.05) among the six activity envelopes for 
both data sets of consecutive gait cycles (Table 5 – 4). The fifth stage of the statistical 
analysis (Figure 5 – 20) also found no significant difference (p > 0.05) between two data sets 
(Third data set = Fourth data set) for all electrode sites for the normalised amplitude relative 
to MVC. Therefore, within the last recording minute, the level of exertion of paraspinal 
muscles had a consistent pattern within the last recording minute.  
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Table 5 – 5 : Normalised frequency within a gait cycle – Consistent pattern of muscle activity 
within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes 
First recording minute (1 ~ 2 minute) Electrode site First data set Second data set Between data sets 95%CI 
T12    1  
L4    1 Right 
L5    1st > 2nd 
T12    1st > 2nd 
L4    1st > 2nd Left 
L5    1 
 
Last recording minute (9 ~ 10 minute) Electrode site Third data set Fourth data set Between data sets 95%CI 
T12    1 
L4    1 Right 
L5    1 
T12    1st > 2nd 
L4    1 Left 
L5    1 
 
Blank cell indicates no significant difference (p > 0.05) among activity envelopes or between sets. "1" 
indicates that median frequency was the same between the first activity envelope and the second 
activity envelope within a gait cycle. "1st > 2nd " indicates that the median frequency of the first 
activity envelope was significantly greater than that of the second activity envelope. T12 : thoracic 12th 
longissimus muscle. L4 : lumbar 4th superficial multifidus muscle. L5 : lumbar 5th superficial 
multifidus muscle. 
 
The second and fourth stages of the statistical analysis (Figure 5 – 20) of the normalised 
median frequency within a gait cycle showed no significant difference (p > 0.05) among 
activity envelopes at all electrode sites for all data sets of consecutive gait cycles (Table 5 – 5). 
Therefore, the normalised median frequency within a gait cycle had a consistent pattern for all 
data sets of consecutive gait cycles at all electrode sites. In other words, the ratio between two 
activity envelopes within a gait cycle was not changed for both sets within the first (1 ~ 2 
minute) and last (9 ~ 10 minute) recording minutes.  
 
The third and fifth stages of the statistical analysis (Figure 5 – 20) of the normalised median 
frequency within a gait cycle found that there was no significant difference (p > 0.05) 
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between the two data sets (First data set = Second data set, and Third data set = Fourth data 
set) of consecutive gait cycles for all electrode sites within the first (1 ~ 2 minute) and last (9 
~ 10 minute) recording minute (Table 5 – 5). Therefore, all electrode sites had a consistent 
pattern within both recording minutes.  
 
Another analysis (Figure 5 – 21) was carried out in order to define whether the first activity 
envelope (1st AE) was different from the second activity envelope (2nd AE) within a gait cycle 
for all electrode sites each single recording minute. It was found that the CI contained one for 
right T12, right L4, and left L5 electrode sites within the first recording minute. Therefore, for 
these electrode sites, the first activity envelope was not different from the second activity 
envelope within a gait cycle (1st AE = 2nd AE). However, there was a significant difference (p 
< 0.05) between the two activity envelopes within a gait cycle for right L5, left T12, and left 
L4 electrode sites. According to the ratio (Table 5 – 5), the first activity envelope was greater 
than the second activity envelope within a gait cycle (1st AE > 2nd AE) with respect to median 
frequency for these electrode sites However, within the last recording minute there was no 
difference between two activity envelopes within a gait cycle in the lumber region (Table 5 – 
5).  
 
ii. Comparison between two different time periods 
The purpose of this analysis (Sixth stage : Figure 5 – 20) was to determine whether there was 
a consistent pattern of muscle activity with respect to the normalised amplitude relative to 
MVC and normalised frequency within a gait cycle after nine minutes of walking. When there 
was a difference in the amplitude or frequency value between the first (1 ~ 2 minute) and last 
(9 ~ 10 minute) recording minutes, it was assumed that this indicated evidence of muscle 
fatigue. The results of this analysis are summarised in Table 5 – 6.  
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The statistical analysis showed a significant difference (p < 0.05) for right L5 electrode site 
with respect to the normalised amplitude relative to MVC (Table 5 – 6). For this electrode site, 
the data from the first recording minute (1 ~ 2 minute) had a smaller amplitude than data from 
the last recording minute (9 ~ 10 minute). For the normalised median frequency within a gait 
cycle within a gait cycle, the analysis found that there was no significant difference (p > 0.05) 
between the two different time periods of recording for all electrode sites (Table 5 – 6). 
Therefore, for the ratio (MFr) between the first activity envelope and second activity envelope 
of consecutive gait cycles within a gait cycle there was no evidence of any changes after nine 
minutes of walking.   
 
Table 5 – 6 : Normalised amplitude relative to MVC and normalised frequency within a gait 
cycle – Consistent pattern of muscle activity between the first and last recording minutes 
Normalised amplitude relative to MVC Electrode site All LHSG RHSG 
Normalised Frequency within 
a gait cycle 
T12 N/A    
L4 N/A    Right 
L5 *F < L ----- -----  
T12 N/A  N/A  
L4  ----- -----  Left 
L5 N/A  N/A  
 
"*F < L" indicates the normalised amplitude of the first recording minute was significantly smaller (p 
< 0.05) than that of the last recording minute using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) between two different time periods. "-----" 
indicates that the statistical analysis was not carried out, because there was a consistent pattern among 
activity envelopes within a data set of consecutive gait cycles for both recording minutes. N/A 
indicates that the statistical analysis was not carried out due to an inconsistent pattern within a data set 
of consecutive gait cycles or between data sets of consecutive gait cycles. "All" indicates that the 
statistical analysis was conducted on all activity envelopes. LHSG is the left heel strike group 
(including first, third, and fifth activity envelopes). RHSG is the right heel strike group (including 
second, fourth, and sixth activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th 
superficial multifidus muscle. L5 : lumbar 5th superficial multifidus muscle. 
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III. Difference between sides at the same vertebral level within the first recording 
minute  (1 ~ 2 minute) 
The purpose of this analysis was to compare the surface EMG signal recorded from paraspinal 
muscles on either side of the spine at the same vertebral level (Figure 5 – 25)(Please see 
Section 5.2.8. ΙΙΙ. Muscle activation patterns on either side of the spine, Page 170 – 171). In 
some electrode sites, there was an inconsistent pattern within a data set when activity 
envelopes were analysed together (Table 5 – 4), however, there was a consistent pattern when 
activity envelopes were divided into two sub groups. Therefore, in this analysis, activity 
envelopes were divided into two sub groups. The results of this analysis are summarised in 
Table 5 – 7. 
 
The analysis of the normalised amplitude relative to MVC demonstrated that there was a 
significant difference (p < 0.05) between sides at the level of L4 for both activity envelope 
groups (Table 5 – 8). At the level of T12 and L5 only the activity envelope group which was 
assumed to coincide with left heel strike (including first, third, and fifth activity envelopes) 
(LHSG) had a significant difference (p < 0.05) between sides (Table 5 – 7). Therefore, at the 
level of L4 the normalised amplitude relative to MVC on the same side as heel strike was 
greater than that recorded from the contralateral side to heel strike. At the level of L5 the 
normalised amplitude relative to MVC of the left side was greater than that of the right side 
when the activity envelope was assumed to coincide with left heel strike (LHSG). Finally, the 
normalised amplitude relative to MVC recorded at the level of T12 on right side was greater 
than that recorded from the left side. 
 
The analysis of the normalised median frequency within a gait cycle found that there was a 
significant difference (p < 0.05) between sides for the level of L4 and L5 (Table 5 – 7). At the 
level of L4, the right side had a lower normalised median frequency within a gait cycle than 
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the left side. However, at the level of L5 the right side had a higher normalised median 
frequency within a gait cycle than the left side. 
 
Table 5 – 7 : Normalised amplitude relative to MVC and normalised frequency 
within a gait cycle – Comparison analysis between sides on same level within 
the first recording minute  (1 ~ 2 minute) 
Normalised amplitude relative to MVC Level All LHSG RHSG 
Normalised Frequency 
within a gait cycle 
T12 N/A *R > L N/A  
L4 N/A *R < L *R > L *R < L 
L5 N/A *R < L N/A *R > L 
 
Four electrode sites had an inconsistent pattern for one of data sets of consistent pattern within the first 
recording minute, therefore, the statistical analysis was carried out for each heel strike group in 
normalised amplitude relative to MVC. * indicates significant difference (p < 0.05) between sides 
using the parametric test or the non parametric test. Blank cell indicates no significant difference (p > 
0.05) between sides. N/A indicates that the statistical analysis was not carried out due to an 
inconsistent pattern within a data set of consecutive gait cycles or between data sets of consecutive 
gait cycles. "R > L" indicates that right side was greater than left side. "R < L" indicates that right side 
was smaller than left side. "All" indicates that the statistical analysis was conducted on all activity 
envelopes. LHSG is the left heel strike group (including first, third, and fifth activity envelopes). 
RHSG is the right heel strike group (including second, fourth, and sixth activity envelopes). T12 : 
thoracic 12th longissimus muscle. L4 : lumbar 4th superficial multifidus muscle. L5 : lumbar 5th 
superficial multifidus muscle. 
 
IV. Difference between three different levels on the same side within the first recording 
minute (1 ~ 2 minute) 
This analysis was used to compare to determine whether the surface EMG records a unique 
pattern of muscle activity from paraspinal muscles over three different levels of the spine 
(Figure 5 – 26)(Please see Section 5.2.8. ΙV. Difference among three levels of the spine at the 
same side, Page 171 – 172). This analysis also divided activity envelopes into two sub groups 
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due to the same reason as the previous section. The results of this analysis are summarised in 
Tables 5 – 8, and 9. 
 
Table 5 – 8 : Normalised amplitude relative to MVC – Comparison among three levels on 
the same side 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG *T12 > L4  LHSG *T12 < L4  T12 RHSG *T12 < L4 
 
T12 RHSG N/A 
 
LHSG ×××× *L4 > L5 LHSG ×××× *L4 < L5 L4 RHSG ×××× 
 
L4 RHSG ×××× N/A 
 
Four electrode sites had an inconsistent pattern for one of data sets of consistent pattern within the first 
recording minute, therefore, the statistical analysis was carried out for each heel strike group in the 
normalised amplitude relative to MVC. *indicates significant difference (p < 0.05) among levels using 
the parametric test or the non parametric test. Blank cell indicates no significant difference (p > 0.05) 
among levels. "××××" indicates that the statistical analysis can not be carried out due to compare 
between the same levels. N/A indicates that the statistical analysis was not carried out due to an 
inconsistent pattern within a data set of consecutive gait cycles or between data sets of consecutive 
gait cycles. "T12 > L4" indicates that the normalised amplitude of the level of T12 was greater than 
that of the level of L4. "T12 < L4" indicates that the normalised amplitude of the level of T12 was 
smaller than that of the level of L4. "L4 > L5" indicates that the normalised amplitude of the level of 
L4 was greater than that at the level of L5. "L4 < L5" refers that the normalised amplitude of the level 
of L4 was smaller than that of the level of L5. LHSG is the left heel strike group (including first, third, 
and fifth activity envelopes). RHSG is the right heel strike group (including second, fourth, and sixth 
activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th superficial multifidus 
muscle. L5 : lumbar 5th superficial multifidus muscle. 
 
The statistical analysis of the normalised amplitude relative to MVC found a significant 
difference (p < 0.05) between the three levels for the activity envelope group which was 
assumed to coincide with left heel strike (including first, third, and fifth activity envelopes) 
(LHSG) for both sides of the spine (Table 5 – 8). For the activity envelope group which was 
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assumed to coincide with left heel strike (LHSG), on the right side, the level of L5 was the 
smallest normalised amplitude relative to MVC, the level of T12 the normalised amplitude of 
the narrow window was greater than that of the level of L4 (T12 > L4 > L5). On left side at 
the level of T12 the normalised amplitude relative to MVC was the smallest, and at the level 
of L4 the normalised amplitude relative to MVC was smaller than the level of L5 (T12 < L4 < 
L5). For activity envelope group which was assumed to coincide with right heel strike 
(including second, fourth, and sixth activity envelopes) (RHSG), there was a significant 
difference (p < 0.05) on right side (Table 5 – 8). Moreover, the normalised amplitude relative 
to MVC was the smallest at the level of T12.  
 
Table 5 – 9 : Normalised frequency within a gait cycle – Comparison among 
three levels on the same side 
Right side Left side 
Level L4 L5 Level L4 L5 
T12   T12   
L4 ×××× *L4 < L5 L4 ××××  
 
"*L4 < L5" refers that the normalised frequency of the level of L4 was significantly (p < 0.05) smaller 
than that of the level of L5 using the parametric test or the non parametric test. Blank cell indicates no 
significant difference (p > 0.05) among levels. "××××" indicates that the statistical analysis can not be 
carried out due to compare between the same levels. T12 : thoracic 12th longissimus muscle. L4 : 
lumbar 4th superficial multifidus muscle. L5 : lumbar 5th superficial multifidus muscle. 
 
The statistical analysis of the normalised median frequency within a gait cycle found a 
significant difference (p < 0.05) between L4 and L5 on the right side (Table 5 – 9). On the 
right side the normalised median frequency within a gait cycle at the level of L4 was smaller 
than that at the level of L5.  
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5.3.3. Length of the gait cycle 
The rhythm of the metronome was used to the control subject’s natural walking speed during 
the 10 minute walking exercise. Therefore, walking speed was assumed to be the same 
throughout the 10 minutes period. In order to confirm this assumption the length of gait cycles 
was analysed, the statistical analysis for the length of the gait cycle was conducted using the 
same procedure of statistical analysis as that used for the normalised amplitude relative to 
MVC (Please see Section 5.3.2. ΙΙ. Consistency of activation pattern over 10-minute of 
walking, Page 176 – 182). The results of this analysis are summarised in Appendix C – 2 
(Please see Page 285) There was no significant difference (p > 0.05) throughout the 10 
minutes of walking with respect to the length of the gait cycle. 
 
5.3.4. Timing of  muscle activation 
After smoothing the recorded EMG signal, three points (onset, peak, and offset) of the activity 
envelope were defined during three consecutive gait cycles, and then normalised to right heel 
strike (Please see Section 5.2.7. ΙΙ. Timing of muscle activation (Onset, Peak, and Offset), 
Page 151 – 154). The offset point of the sixth activity envelope was out of range of the last 
gait cycles. Therefore, it was excluded from data analysis. As a result, three consecutive gait 
cycles had six onset points, six peak points, and five offset points.  
 
Firstly, before normalising each point relative to right heel strike, the actual sample between 
two points of the activity envelope (onset to peak and peak to offset) were calculated in order 
to determine whether a 100 sample window around the largest amplitude of the activity 
envelope captured the rest period of the raw signal. These time periods were equal to 50 
samples or greater than 50 samples. As a result, the narrow (100 samples) window around the 
peak did capture an activity envelope. The statistical analysis procedure for timing of muscle 
activation was similar with the normalised amplitude relative to MVC (Please see Section 
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5.3.2. Normalised amplitude relative to MVC and normalised frequency of a narrow (100 
samples) window around the largest amplitude of the activity envelope, Page 174 – 186). 
 
I. Individual consistency within the first recording minute (1 ~ 2 minute) 
When the activity envelopes were divided into two sub groups which were assumed to 
coincide with right or left heel strike, All F-ratios were greater than one. Therefore, there was 
a consistent pattern within a subject with respect to timing of the activity envelope (Appendix 
C – 5 : 1. Timing of muscle activation – Results of the F-test within the first recording minute 
(1 ~ 2 minute), Page 300). 
 
II. Consistency of activation pattern over 10-minute of walking 
In the previous section, the F-test showed there was an inconsistent pattern when all activity 
envelopes were analysed together. Therefore, in this analysis, activity envelopes were divided 
into two sub groups which were assumed to coincide with right or left heel strike. Timing 
(%Onset) of the onset point relative to right heel strike had a more consistent pattern than 
other parameters within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes 
(Appendix C – 5 : 2. Timing of muscle activation – Consistent pattern within the first and last 
recording minutes, Page 301). The number of electrode sites which had a consistent pattern 
between two different time periods was reduced (Appendix C – 5 : 3. Timing of muscle 
activation – Consistent pattern between the first and last recording minutes, Page 302). 
 
III. Difference between sides at the same vertebral level within the first recording 
minute (1 ~ 2 minute) 
There was a significant (p < 0.05) difference between sides for electrode site in the lumbar 
region, however in the thoracic region there was no difference (p > 0.05) between sides with 
respect to the normalised onset relative to right heel strike (Appendix C – 5 : 4. Timing of 
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muscle activation – Comparison analysis between sides on the same level, Page 302). 
Therefore, in the lumbar region around heel strike, the ipsilateral side is activated earlier than 
the contralateral side. 
 
IV. Difference among three different levels on the same side of the spine within the 
first recording minute (1 ~ 2 minute) 
There was no consistent result when three electrode sites were compared with respect to 
timing of muscle activation (Appendix C – 5 : 5. Timing of muscle activation – Comparison 
among three levels on the same side, Page 303) 
 
5.3.5. Normalised area of the activity envelope, length of the activity time, 
and amplitude of the narrow window of the activity envelope within a 
gait cycle 
After defining the area of the activity envelope, length of the activity time, and amplitude of 
the activity envelope during consecutive gait cycles, each parameter was normalised for each 
gait cycle (Please see Section 5.2.7. ΙΙΙ. Normalised area of the activity envelope, length of 
the activity time, and amplitude of the activity envelope within a gait cycle, Page 154 – 157). 
The statistical analysis procedure was similar with the normalised frequency within a gait 
cycle (Please see Section 5.3.2. Normalised amplitude relative to MVC and normalised 
frequency of a narrow (100 samples) window around the largest amplitude of the activity 
envelope, Page 174 – 186). 
 
I. Individual consistency within the first recording minute (1 ~ 2 minute) 
All F-ratios were grater than 1 (Appendix C – 6 : 1. Normalised area of the activity envelope, 
length of the activity time, and amplitude of the narrow window within a gait cycle – Results 
of F-test within the first recording minute (1 ~ 2 minute), Page 305). Therefore, for the 
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normalised area of the activity envelope, length of the activity time, and amplitude of the 
narrow window within a gait cycle there was a consistent pattern within a subject within the 
first recording minute  (1 ~ 2 minute).  
 
II. Consistency of activation pattern over 10-minute of walking 
For the normalised area of the activity envelope within a gait cycle, there was a consistent 
pattern for five electrodes within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording 
minute (Appendix C – 6 : 2. Normalised area of the activity envelope, length of the activity 
time, and amplitude of the narrow window within a gait cycle – Consistent pattern within the 
first and last recording minutes, Page 306).  
 
For normalised area of the activity envelope within a gait cycle, within the first recording 
minute, only at right L5 electrode site there was an inconsistent pattern, however, within the 
last minute recording, there was a consistent pattern for all electrode sites. For left T12, right 
L4, and right L5 electrode sites, the first activity envelope had a smaller area of the activity 
envelope than that of the second activity envelope. However for right T12 and left L4 
electrode sites the first activity envelope had a larger area of the activity envelope than that of 
the second activity envelope. Within the last recording minute, there was a consistent pattern 
for all electrode sites. For left T12, right L4, and right L5 electrode sites, the first activity 
envelope had a smaller area of the activity envelope than that of the second activity envelope. 
However for right T12, left L4, and left L5 electrode sites the first activity envelope had a 
larger area of the activity envelope than that of the second activity envelope. 
 
For normalised length of the activity time within a gait cycle. Within the first recording 
minute, at right L5 and left L5 electrode sites there was an inconsistent pattern. For right L4, 
and left T12 electrode sites, the first activity envelope had shorter length of the activity time 
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than that of the second activity envelope. However, for right T12 and left L4 electrode sites 
the first activity envelope had longer activity time than that of the second activity envelope. 
Within the last recording minute, there was a consistent pattern for all electrode sites. For 
right L4, right L5 electrode sites, the first activity envelope had shorter length of the activity 
time than that of the second activity envelope. However, for right T12, left T12, left L4, and 
left L5 electrode sites, the first activity envelope had longer activity time than that of the 
second activity envelope. 
 
For normalised amplitude of the narrow window within a gait cycle, within the first recording 
minute at left L5 electrode site there was an inconsistent pattern. For right L4, right L5, and 
left T12 electrode sites, the first activity envelope had smaller amplitude of the activity 
envelope than that of the second activity envelope. However, for right T12 electrode site, the 
first activity envelope had larger than that of the second activity envelope, and there was no 
difference between activity envelopes at left L4 electrode site. Within the last recording 
minute recording, there was a consistent pattern for all electrode sites. For right L4, right L5, 
and left T12 electrode sites, the first activity envelope had smaller amplitude of the activity 
envelope than that of the second activity envelope. However, for right T12, and left L4 
electrode sites, the first activity envelope had larger than that of the second activity envelope, 
and there was no difference between activity envelopes at left L5 electrode site. 
 
According to comparison analysis within a gait cycle, within the first recording minute (1 ~ 2 
minute), for left T12 electrode site, the length of the activity time had a different direction 
from the amplitude of the narrow window and area of the activity envelope. In order to 
identify which the amplitude of the narrow window or the length of the activity time had more 
impact to the area of the activity envelope, multiple linear regression was conducted. 
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Therefore, the area of the activity envelope was used as a dependent factor, and the amplitude 
of the narrow window and the length of the activity time were used as an independent factor.  
 
Area of the 
activity envelope = 0.728 * 
Amplitude of  
the narrow window + 0.400 * 
Length of  the 
activity time – 0.148 
r2 = 0.805 
 
The correlation (0.728) between the area of the activity envelope and amplitude of the narrow 
window was greater than the correlation (0.400) between area of the activity envelope and 
length of the activity time. Therefore, within the first recording minute (1 ~ 2 minute) the 
amplitude of the narrow window had more influenced factor to the area of the activity 
envelope than the length of the activity time for left T12 electrode site. 
 
Within the last recording minute (9 ~ 10 minute), for left T12 electrode site, the normalised 
length of the activity time within a gait cycle had a different direction from the normalised 
amplitude of the narrow window and area of the activity envelope within a gait cycle. In order 
to identify which the amplitude of the narrow window or the length of the activity time has 
more impact to the area of the activity envelope, the same procedure was carried out as the 
statistical analysis within the first recording minute (1 ~ 2 minute). 
 
Area of the 
activity envelope = 0.448 * 
Amplitude of  
the narrow window + 0.555 * 
Length of the 
activity time – 0.203 
r2 = 0.641 
 
The correlation (0.448) between the area of the activity envelope and the amplitude of the 
narrow window was smaller than the correlation (0.555) between area of the activity envelope 
and length of the activity time. Therefore, within the last recording minute (9 ~ 10 minute) the 
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amplitude of the narrow window had less influenced factor to the area of the activity envelope 
than the length of the activity time for left T12 electrode site. 
 
For the normalised area of the activity envelope and amplitude of the narrow window within a 
gait cycle, five electrode sites had a consistent pattern after nine minute walking exercise. For 
the normalised length of the activity time within a gait cycle, four electrode sites had a 
consistent pattern after nine minute walking exercise (Appendix C – 6 : 3. Normalised area of 
the activity envelope, length of the activity time, and amplitude of the narrow window within 
a gait cycle – Consistent pattern between the first and last recording minutes, Page 307). 
 
III. Difference between sides at the same vertebral level within the first recording 
minute (1 ~ 2 minute) 
The results of comparing between sides are summarised in (Appendix C – 6 : 4. Normalised 
area of the activity envelope, length of the activity time, and amplitude of the narrow window 
within a gait cycle – Comparison analysis between sides on the same level, Page 307). 
 
For the normalised area of the activity envelope within a gait cycle, at the level of L4 right 
side was smaller than that of left side. However, at the level of T12, right side was greater 
than that of left side.  
 
For the normalised length of the activity time within a gait cycle, the analysis found a 
significant difference (p < 0.05) between sides at the level of L4. The normalised length of the 
activity time on the right side was smaller than that of left side at this level.  
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For the normalised amplitude of the narrow window within a gait cycle, at the level of L4 
right side was smaller than that of left side. However, at the level of T12, right side was 
greater than that of left side.  
 
IV. Difference among three different levels on the same side within the first recording 
minute  (1 ~ 2 minute) 
On right side, three different levels were different with respect to the normalised area of the 
activity envelope, and amplitude of the narrow window within a gait cycle (T12 > L4 > L5). 
On left side, two levels were different. For the normalised length of the activity time within a 
gait cycle, there was a contradicting result between sides when the T12 and L4 levels were 
compared (Appendix C – 6 : 5. Normalised area of the activity envelope, length of the activity 
time, and amplitude of the narrow window within a gait cycle – Comparison analysis among 
three levels, Page 308).  
 
5.3.6. Timing within the activity envelope and shape of the activity envelope  
After normalising three points (%Onset, %Peak, and %Offset) of each activity envelope 
during consecutive gait cycles, shape of the activity envelope was calculated as OnPk, PkOff, 
and OnOff during consecutive gait cycles, and the ratio was taken between OnPk and PkOff 
(Please see Section 5.2.7. ΙV. Timing within the activity envelope and shape of the activity 
envelope, Page 157 – 160). Offset point of the sixth activity envelope was excluded due to out 
of three consecutive gait cycles. As a result, there were six OnPk values, five PkOff values, 
five OnOff values, and five shapes of the activity envelope (SOA) during consecutive gait 
cycles. The statistical analysis procedure for timing of muscle activation was similar with the 
normalised amplitude of the narrow window (Please see Section 5.3.2. Normalised amplitude 
relative to MVC and normalised frequency of a narrow (100 samples) window around the 
largest amplitude of the activity envelope, Page 174 – 186). 
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I. Individual consistency with the first recording minute (1 ~ 2 minute) 
Some components of timing within the activity envelope had a consistent pattern within a 
subject within a subject. The shape of the activity envelope (SOA) was less consistent pattern 
within the subject than components of timing within the activity envelope (Appendix C – 7 : 1. 
Timing within the activity envelope and shape of the activity envelope – Results of F-test 
with the first recording minute (1 ~ 2 minute), Page 310)   
 
II. Consistency of activation pattern over 10-minute of walking 
Timing within the activity envelope had a consistent pattern for all electrode sites within the 
first recording minute (1 ~ 2 minute), however, within the last recording minute, for OnOff 
there was an inconsistent pattern at left L4 electrode site (Appendix C – 7 : 2. Timing within 
the activity envelope - Consistent pattern within the first recording minute (1 ~ 2 minute), 
Page 311, and Appendix C – 7 : 3. Timing within the activity envelope – Consistent pattern 
within the last recording minute (9 ~ 10 minute), Page 312). 
 
For the shape of the activity envelope (SOA) (Appendix C – 7 : 4. Shape of the activity 
envelope - Consistent pattern within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording 
minutes, Page 313), there was a consistent pattern for all electrode sites within the first 
recording minute (1 ~ 2 minute). OnPk was greater than PkOff each activity envelope within 
the first recording minute for two electrode sites. Within the last recording minute (9 ~ 10 
minute), there was a consistent pattern for five electrode sites.  
 
For timing (OnPk and OnOff) within the activity envelope which includes onset point, there 
was a consistent pattern between two different time periods of recording for all electrode sites. 
However, for other timing (PkOff) within the activity envelope, the number of electrode sites 
which had a consistent pattern between two different time periods was reduced. For the shape 
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of the activity envelope (SOA), there was a consistent pattern between two different time 
periods for four electrode sites. However, two electrode sites had a consistent pattern only for 
one activity envelope group (Appendix C – 7 : 5.  Timing within the activity envelope and 
shape of the activity envelope – Consistent pattern between the first and last recording 
minutes, Page 314). 
 
III. Comparison between sides at the same vertebral level within the first recording 
minute (1 ~ 2 minute) 
For OnPk, the electrode site recorded from the lumbar region had a significant difference 
between sides within the first recording minute (1 ~ 2 minute). For PkOff, at the level of L4 
right side was smaller than that of left side. For OnOff, at the level of L5 right side was 
smaller than that of left side for activity envelope group which was assumed to coincide with 
left heel strike (LHSG). For the shape of activity envelope (SOA), at the level of L5 right side 
was greater than that of left side for LHSG. For the shape of activity envelope, at the level of 
L4 right side was greater than left side for activity envelope group which was assumed to 
coincide with left heel strike (LHSG) (Appendix C – 7 : 6.  Timing within an activity envelope 
and the shape of the activity envelope – Comparison analysis between sides on the same level, 
Page 315). 
 
IV. Difference among three levels at the same side within first recording minute (1 ~ 2 
minute) 
For OnPk and PkOff, in lumbar spine there was no difference between consecutive levels 
(Table 5 – 32). However there was a difference between thoracic and lumbar regions in some 
cases. This result was inconsistent between components of the activity envelope. All electrode 
sites had the same shape of the activity envelope within the first recording minute (1 ~ 2 
minute) (Appendix C – 7 : 7. Timing within the activity envelope and the shape of the activity 
envelope – Comparison analysis among three levels on the same level, Page 316).   
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5.3.7. Interval timing within a gait cycle 
After normalising three points (onset, peak, and offset) of each activity envelope, timing 
between the first and second activity envelopes were calculated within a gait cycle (Please see 
Section 5.2.7. V. Interval timing within a gait cycle, Page 160 – 163). Offset point of the sixth 
activity envelope was excluded due to out of three consecutive gait cycles. Therefore, there 
were three OnOn values, three PkPk, and two OffOff values during consecutive gait cycles. 
The statistical analysis procedure for timing of muscle activation was similar with the 
normalised amplitude of the narrow window (Please see Section 5.3.2. Normalised amplitude 
relative to MVC and normalised frequency of a narrow (100 samples) window around the 
largest amplitude of the activity envelope, Page 174 – 186). 
 
I. Individual consistency within the first recording minute (1 ~ 2 minute) 
For OnOn and OffOff, there was a consistent pattern within a subject for five electrode sites 
within the first recording minute (1 ~ 2 minute). For PkPk, there was a consistent pattern 
within a subject for all electrode sites (Appendix C – 8 : 1. Interval timing within a gait cycle 
– Results of the F-test within the first recording minute (1 ~ 2 minute), Page 318).  
 
II. Consistency of activation pattern over 10-minute of walking 
Within the first recording minute (1 ~ 2 minute), for OnOn and PkPk, there was a consistent 
pattern for four electrode sites, however, for OffOff, there was a consistent pattern for five 
electrode sites. Within the last recording minute (9 ~ 10 minute), for OnOn, there was a 
consistent pattern for five electrode sites. For PkPk there was a consistent pattern for three 
electrode sites. For OffOff, there was a consistent pattern for all electrode sites (Appendix C – 
8 : 2.  Interval timing within a gait cycle – Consistent pattern within the first (1 ~ 2 minute) 
and last (9 ~ 10 minute) recording minutes, Page 319). 
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For OnOn, there was a consistent pattern between two different time periods for four 
electrode sites. For PkPk, there was a consistent pattern for two electrode sites. For OffOff, 
there was a consistent pattern for five electrode sites (Appendix C – 8 : 3. Interval timing 
within a gait cycle – Consistent pattern between the first and last recording minutes, Page 
320).  
 
III. Difference between sides at the same vertebral level within the first recording 
minute (1 ~ 2 minute) 
For OnOn, at this level of T12 right side was smaller than that of left side within the first 
recording minute (1 ~ 2 minute). For PkPk, at the level of L5 right side was smaller than that 
of left side. For OffOff there was no difference between sides at the level of T12 and L5 
(Appendix C – 8 : 4. Interval timing within a gait cycle – Comparison analysis between sides 
on the same level within the first recording minute (1 ~ 2 minute), Page 320).  
 
IV. Difference among three levels at the same side within the first recording minute (1 
~ 2 minute) 
For OnOn, on right side at the level of T12 was less than that of L4 vertebral level within the 
first recording minute (1 ~ 2 minute). For PkPk, on left side, the level of L4 was larger than 
that of L5 level. For OffOff, on right side, the level of T12 was greater than that of L5 level 
(Appendix C – 8 : 5. Interval timing within a gait cycle – Comparison analysis among three 
levels on the same level within the first recording minute (1 ~ 2 minute), Page 321).  
 
5.4. Discussion 
The aim of this chapter is to determine whether a simple walking activity exercise may be an 
appropriate activity which can be used to define the functional state of the lumbar paraspinal 
muscles using surface EMG. Walking is a repetitive and rhythmic activity. Therefore, during 
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steady state walking, lumbar paraspinal muscle activity would be expected to be constant. 
Three components of the surface EMG signal including amplitude, frequency and timing were 
used to characterise the pattern of the lumbar paraspinal muscles during walking.  
    
5.4.1. Length of the gait cycle 
Previous studies that have investigated lumbar paraspinal muscle activity during walking have 
found that the amplitude of the EMG signal (Anders et al., 2007; Callaghan et al., 1999; 
Thorstensson et al., 1982; Waters & Morris, 1972), and the length of the activity time 
(Dofferhof & Vink, 1985; Waters & Morris, 1972) are influenced by walking speed. 
Therefore it was important to clarify whether the length of consecutive gait cycles which was 
used as a fundamental measure in this analysis was constant. If the length of gait cycles is 
constant, the three components of the EMG signal which were analysed in this study might 
also be expected to be constant. The length of the gait cycle did not vary between the first (1 ~ 
2 min) and last recording minutes (9 ~ 10 min). Therefore, it may be assumed that walking 
speed did not change through out the 10 minute walking exercise. This suggests that the 
metronome may be used to control a subject’s natural walking pace.     
 
5.4.2. Amplitude and frequency of the narrow window of the activity 
envelope  
As previously discussed, the length of the gait cycle was consistent between the two different 
minute recording periods. Therefore, the amplitude and frequency of muscle activity would be 
expected to be consistent. During walking the length of the lumbar paraspinal muscle would 
be expected to be changing because this is a dynamic muscle contraction. During dynamic 
muscle contractions, the amplitude and frequency of the signal change with muscle length 
(Mchugh et al., 2002; Nakazawa et al., 1993; Potvin, 1997). During walking, the lumbar spine 
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rotates in the sagittal (Thorstensson et al., 1984), frontal (Crosbie et al., 1997; Krebs et al., 
1992; Thorstensson et al., 1984; Whittle, 2007b), and horizontal (Crosbie et al., 1997; Whittle, 
2007b) planes. Therefore, the length of the lumbar paraspinal muscles might also be expected 
to change. When the surfaces EMG signal changes in terms of its amplitude and frequency, it 
would be considered to be a non-stationary signal. Therefore, the signal recorded from the 
lumbar paraspinal muscle is expected to be non-stationary. In order to analyse the non-
stationary signal, the narrow window technique which was developed by Singh et al. (2007) 
was used in this study. The signal which the narrow window captured was considered to be 
stationary. Therefore, during steady state walking, the narrow window, 100 sample wide, was 
expected to capture the same stationary signal. In order to clarify whether the narrow window 
captured the same stationary signal, it was expected that the shape of the activity envelope 
(SOA) should be the same throughout the recording periods. Even though the length of the 
activity time was not changed, there were still three possible types of shape of the activity 
envelope (Figure 5 – 24). This is caused by the location of the peak amplitude point within the 
activity envelope. If the shape of the activity envelope changes, this increases the risk of 
capturing a changing narrow window. Therefore, it was necessary to define the consistency of 
the shape of the activity envelope. The shape of the activity envelope did not vary between the 
two different recording minutes. This suggests that the narrow window did capture the same 
stationary signal over the two different recording minutes. 
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SW1 
Timing within 
the activity envelope OnPk > PkOff OnPk = PkOff OnPk < PkOff 
Amplitude of each 
50 sample window SW1 < SW2 SW1 < SW2 SW1 < SW2 
SW1 SW1 
SW2 SW2 SW2 
%Onset %Offset %Onset %Offset %Onset %Offset 
%Peak %Peak %Peak 
 
Figure 5 – 24 : Three patterns of the shape of the activity envelope (SOA) when the timing 
between onset and offset of the activity envelope was same 
%Onset indicates the normalised onset point of the activity envelope relative to right heel 
strike. %Peak indicates the normalised peak point of the activity envelope relative to right heel 
strike. %Offset indicates the normalised offset point of the activity envelope relative to right heel 
strike. "OnPk" indicates the timing between normalised onset (%Onset) and peak (%Peak) points of 
the activity envelope. "PkOff" indicates the timing between normalised peak (%Peak) and offset 
(%Offset) points of the activity envelope. "SW1" indicates the 50 sample window before 50 sample 
window (SW2) which contained the peak point of the activity envelope. "SW2" indicates the 50 
sample window which contained the peak point of the activity envelope. 
 
When the narrow window was found to capture the same stationary signal, the amplitude of 
the surface EMG signal recorded from the lumbar paraspinal muscles would be expected to be 
consistent. During the first recording minute (1 ~ 2 minute) there was an inconsistent pattern 
with respect to the normalised amplitude relative to MVC at some electrode sites. However, 
there was a consistent pattern for all sites within the last recording minute (9 ~ 10 minute). 
Therefore, the first recording minute had a less consistent pattern than that of the last 
recording minute. Learning may well have been a factor that influenced the natural rhythm of 
walking with respect to low back muscle activation pattern within the first few minute of 
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walking. It must be concluded then that, the measure of peak amplitude of the activity 
envelope relative to MVC can be used once an individual accustoms themselves to walking 
naturally to the rhythm of the metronome. In this study, this was evidenced only in the late 
recording period (9 ~ 10 minute) of the walking exercise.  
 
The median frequency as well as the amplitude of the narrow window should be consistent if 
the narrow window technique captured the same stationary signal. The study by Nakazawa et 
al.(1993) found that the frequency of the surface EMG signal is influenced by muscle length.  
At heel strike, the trunk starts flexing laterally toward the stance leg side (Thorstensson et al., 
1984). Therefore, it may be assumed that on the ipsilateral side the lumbar paraspinal muscles 
undergo a concentric (shortening) contraction while on the contralateral side the paraspinal 
muscles are lengthening (eccentric contraction). However, Potiv (1997) reported that 
frequency was similar for concentric and eccentric contractions at short to moderate muscle 
lengths. In the present study the frequency value around peak activation of the activity 
envelope was normalised by dividing the median frequency of the first activity envelope by 
the median frequency of the second activity envelope of the gait cycle. If the median 
frequency was the same around the peak activation period of the two activity envelopes then, 
the ratio between the two activity envelopes within a gait cycle would be expected to be one. 
There was a tendency for the frequency parameter to demonstrate a consistent pattern between 
the two different recording minutes for all electrode sites. However, the last recording minute 
had a higher number of electrode sites where the ratio between the two activity envelopes 
within a gait cycle was one in contrast to that of the first recording minute. It must be 
concluded then that the frequency parameter may be more confidently used only in the latter 
stages of a 10-minute walking exercise. Once again, learning may have been a significant 
factor that impacted on the ability of an individual to walk naturally so that changes in 
paraspinal muscle length may have decreased and motor unit recruitment strategies more 
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stable. Both these factors would lead to an increased stability in the frequency components of 
the surface EMG signal. However, it is recognised that such a conclusion would need to be 
verified by kinematic recordings of trunk movements during the walking activity to 
demonstrate that trunk movements were indeed reduced as the walking activity continued 
over time. 
 
From these results, in order to record stable amplitude and frequency of the surface EMG 
signal of the lumbar paraspinal muscles, it is important to define when subjects accustom 
themselves to walk naturally to the rhythm of the metronome. In this study, one minute data 
after 9 minutes of walking was a more appropriate period to analyse than one minute data 
after one minute walking. 
 
5.4.3. Normalised area of the activity envelope, length of the activity time, 
and amplitude of the narrow window of the activity envelope with a 
gait cycle 
Studies have shown that as the speed of walking increases, so too does the amplitude of the 
activity envelope (Anders et al., 2007; Callaghan et al., 1999) and length of the activity time 
(Dofferhof & Vink, 1985; Waters & Morris, 1972). In this study, the pace of walking was the 
same throughout the walking activity. Therefore it is expected that amplitude would be the 
same and that the normalised area of the activity envelope, length of activity time and 
amplitude of the narrow window (peak activation) within a gait cycle should also be the same. 
The area of the activity envelope (total energy of the activity envelope) is a product of the 
length of the activity time and the amplitude of the signal. In this study, peak activation 
amplitude was thought to represent the amplitude of the activity envelope.  
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It was found that the amplitude of the peak activation was the same within a gait cycle within 
the ninth recording minute (9 ~ 10 min) for all electrode sites. However, when the amplitude 
of the peak activation was normalised within a gait cycle, the difference between the first 
activity envelope (1st AE) and the second activity envelope (2nd AE) within a gait cycle 
became more obvious. Callaghan et al. (1999) used surface EMG to investigate the pattern of 
muscle activity of thoracic and lumbar paraspinal muscles with respect to the amplitude of the 
signal. Recordings were made from the lumbar multifidus muscles at the L5 vertebral level 
bilaterally. On the ipsilateral side the first activity envelope (1st AE) of the gait cycle occurred 
at heel strike. This burst had a larger amplitude than that of the activity envelope that occurred 
at heel strike on the contralateral side. The present study followed that of the Callaghan et al 
(1999) study results with respect to the lumbar spine. Although the narrow window technique 
did not pick up any differences within a gait cycle, the normalisation within a gait cycle can 
be useful to define the difference between the two activity envelopes 
 
When the length of the activity time was normalised within a gait cycle, it was found that the 
activity envelope on the ipsilateral side to heel strike had a longer activity time than that on 
the contralateral side to heel strike. This was evidenced by the ratio value of this parameter 
over most electrode sites within a recording period. Water and Morris (1972) used fine wire 
EMG to investigate the pattern of muscle activation of the lumbar multifidus muscle with 
respect to the length of the activity time.  It was found that the length of muscle activity time 
on the ipsilateral heel side to strike was longer than that which occurred on the contralateral 
side to heel strike within a muscle. Therefore the present study followed the result of the study 
by Water and Morris (1972).  
 
When the area of the activity envelope was normalised within a gait cycle, at the lumbar 
region, the activity envelope on the ipsilateral side to heel strike had a larger area than that on 
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the contralateral side to heel strike. However at the thoracic region the activity envelope on 
the contralateral side to heel strike had a larger area than that on the ipsilateral side to heel 
strike. This result would be what was expected and consistent with the results of the 
Callaghan et al. (1999) and Water and Morris (1972) studies.  
 
Within the first recording minute (1 ~ 2 minute) the normalised three parameters (area, length 
and amplitude of the activity envelopes within a gait cycle) had a less consistent pattern than 
that within the last recording minute (9 ~ 10 minute). Within this last recording minute, the 
usual pattern was that all three parameters (area, amplitude and length of the activity time) 
varied in the same way. However, for one electrode site (Left T12), the length of the activity 
time did not follow the same direction as the amplitude of the peak activation and area of the 
activity envelope. According to the result of the multiple linear regression analysis (Please see 
Page 192), the length of activity time was more influential in determining the value of the area 
of the activity envelope rather than the amplitude of the peak activation. Therefore, even the 
upper lumbar/lower thoracic recording site may be considered to produce stable values of 
these three parameters. As a result, when the area of the activity envelope, length of the 
activity time, and amplitude of the peak activation are normalised, these can be used as a 
stable measure of the pattern of activation of the lumbar paraspinal muscles during walking 
after an individual assumes their natural walking rhythm.  
 
5.4.4. Timing of muscle activity 
Timing of muscle activity was measured by eleven parameters in this chapter. Three of them 
(%Onset, %Peak, and %Offset) define the timing of activation, peak activation, and 
deactivation of the paraspinal muscle relative to the start the gait cycle (that is, heel strike – 
which was identified by a foot sensor) during the gait cycle. Four parameters (OnPk, PkOff, 
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OnOff, and shape of the activity envelope (SOA)) defined timing within the activity envelope 
and shape of the activity envelope. Three parameters (OnOn, PkPk, and OffOff) defined these 
same points between two activity envelopes within the gait cycle.  
 
For timing of muscle activation relative to right heel strike, and timing between two activity 
envelopes within a gait cycle, it was observed that the last recording minute (9 ~ 10 minute) 
had more recording sites which had a consistent pattern than that of the first recording minute 
(1 ~ 2 minute)(Appendix C – 5 and  C – 8). For timing within an activity envelope (including 
OnPk, PkOff, and OnOff) and shape of the activity envelope (SOA), within the first electrode 
sites more recording sites were divided into two sub groups which were assumed to coincide 
with right or left heel strike than that of the last minute of recording (Appendix C – 7). This 
means that within the last minute recording, timing within the activity envelope and the shape 
of the activity envelope had more consistent pattern within a data set when all activity 
envelopes were analysed together. These indicate that learning may well have been a factor 
that influenced the natural rhythm of walking with respect to low back muscle activation 
pattern within the first few minute of walking. Therefore, it may be also evident that it is not 
ready to record the EMG signal from trunk muscles after first minute of walking. As a result, 
it is important to consider how long subjects need to accustom to walk when the surface EMG 
signal is recorded from the lumbar paraspinal muscles during walking.  
 
If all parameters were a sensitive and accurate quantity, then the parameters measured relative 
to the start of the gait cycle should provide similar information (with repeat to consistency of 
findings) to those parameters which defined timing within the activity envelope and timing 
between the two activity envelopes within a gait cycle. However, this was not found. For 
examples, normalised onset relative to the start point of the gait cycle (%Onset) was 
consistent for all electrode sites, therefore, all electrode sites would be expected to be 
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consistent for the timing between normalised onset points within one gait cycle (OnOn) 
within the first recording minute. However, the number of electrode sites was decreased 
(Table 5 – 10). Another example was timing between onset and peak points within the activity 
envelope (OnPk). Although normalised peak relative to the start point of the gait cycle  
(%Peak) was five electrode sites for left heel strike group, three electrode sites for right heel 
strike group, the number of electrode sites was increased when timing between onset and peak 
point within the activity envelope (OnPk) was calculated (Table 5 – 10).   
 
Table 5 – 10 : Internal consistency each recording minute 
 %Onset   
 First Last %Peak   
%Onset 4 5 First Last %Offset 
%Peak 6 6 4 3 First Last 
%Offset 6 5 6 6 5 6 
       
 OnPk     
 First Last     
PkOff 6 5     
 
Number refers how many recording sites had an internal consistency between two normalised timings 
of muscle activation or between 2 timings (OnPk and PkOff) within the activity envelope for both 
minute recording. First refers to first recording minute (1 ~ 2 minute) of recording. Last refers to last 
recording minute (9 ~ 10 minute) 
 
Another finding was that there was a different trend of internal consistency between timing 
within the activity envelope and timing between activity envelopes within a gait cycle. 
Timing between activity envelopes within a gait cycle within the last minute recording seems 
to have more recording sites which had a consistent pattern than that of the first recording 
minute, however, timing within the activity envelope within the first minute recording seems 
to have more recording sites than that of the last minute recording.   
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Another finding was the timing between two activity envelopes within a gait cycles had more 
recording sites which had an internal consistency between parameters than that of timing 
within the activity envelope (Table 5 – 11). This means that timing within the activity 
envelope may be less sensitive and accuracy parameter than timing between two activity 
envelopes in order to characterise the pattern of muscle activity during walking.  
 
Table 5 – 11 : Internal consistency for two different recording minutes 
 %Onset   
%Onset 4 %Peak  
%Peak 6 2 %Offset 
%Offset 5 4 4 
    
 OnOff   
PkOff 4   
 
Number refers how many recording sites had an internal consistency between two normalised timings 
of muscle activation or between 2 timings (OnPk and PkOff) within the activity envelope for both 
minute recording.  
 
In the present study, a 50 sample window was used to smooth the EMG signal to detect three 
points (onset, peak, and offset) of the activity envelope which are timing of muscle activation. 
However, this window size may not be sensitive enough to pick up three points during 
consecutive gait cycle, and the error of the signal processing tool becomes obvious when 
timing of muscle activation were used to calculate timing within the activity envelope or the 
timing between two activity envelopes within a gait cycle. This may also be one explanation 
for the first finding. When this window size was made smaller, the smoothed signal was not 
smoothed enough to define the three points of the activity envelope. Therefore, it was 
important to find a balance in window in order to smooth the signal and define the start and 
end points of the activity envelope. Fifty samples were determined to be a reasonable size of 
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the window in the present study, because it allowed to define three points (onset, peak, and 
offset) of the activity envelope easily after smoothing the signal. However, the 50 sample 
window technique may mot be useful to measure such short activity times such as those that 
occur within walking (around 50 – 300 samples) (Appendix C – 3) which is the timing within 
the activity envelope (OnPk, PkOff, and OnOff). However, it may be useful to measure the 
longer activation periods (around 50% of gait cycle = 550 samples) (Appendix C – 3) which is 
the timing between two activity envelopes within a gait cycle (OnOn, PkPk, and OffOff).  
 
5.5. Conclusion 
In the present study, a number of parameters were used to characterise the pattern of muscle 
activity in the lumbar region while subject walked with their natural pace. The metronome can 
be useful to control the length of gait cycle individually. From the analysis presented in this 
chapter, we can conclude that the EMG signal captured when the patient starts to walk may 
not be the best signal for further analysis. However, some consistencies in parameters are 
observed in the last minute of our experiments. Although the narrow window can not pick up 
any difference between two activity envelopes within a gait cycle, the normalisation method 
within a gait cycle can be useful to characterise the pattern with respect to the amplitude of 
the peak activation, area of the activity envelope, and length of the activity time. Therefore 
these parameters can be used to discriminate between non-LBP and LBP groups.  
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Surface electromyography (EMG) is becoming a popular diagnostic tool in chiropractic 
practice (Gentempo, 1990; Kent & Gentempo, 1992, 1995). It is a painless and a straight 
forward tool that chiropractors may use to record the surface EMG signal from paraspinal 
muscles. However, the protocol which is used in chiropractic practice has not been evaluated. 
This is because chiropractors use this tool as part of a set of procedures to evaluate the 
paraspinal dysfunction associated with “chiropractic subluxation”. The subluxation is a 
clinical entity. Its pathophysiological attributes have not been clearly established. As a result, 
it is difficult to develop a biometric tool which may be used as a reliable tool in clinical 
practice. The objective of this thesis is to determine the conditions under which surface EMG 
can be used as a diagnostic tool in chiropractic practice. There were two main studies to 
achieve the objective in this study. 
 
The first project (Chapter 3 : Surface EMG recording of the lumbar paraspinal muscles under 
static conditions, Page 73 – 119) determined the reliability and validity of the surface EMG 
signal to measure paraspinal muscle activity during maintenance of simple static postures. 
Surface EMG protocols using some of these postures are currently being used in Chiropractic 
clinical practice. In these settings the surface EMG that is recorded from paraspinal muscles is 
usually processed with respect to the amplitude of the signal only. The current study had two 
main findings.  
 
The surface EMG signal was recorded from muscles in the lumbar region while healthy 
people who do not have low back pain maintained static postures including sitting, standing 
postures, and four point kneeling. During maintenance of such postures, the raw surface EMG 
signal was often contaminated by an electrocardiographic (ECG) artefact. Because the level of 
activation of the lumbar paraspinal muscles was low, this ECG artefact was the largest 
component of the recorded raw surface EMG signal. Such an artefact becomes a validity issue 
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if the Chiropractor does not assess the raw signal visually (as may occur with the use of some 
commercially available equipment). Without visual inspection, the capture and subsequent 
processing of the ECG artefact as a part of the recorded signal will lead to a significant 
difference in the measures of the amplitude of the signal compared to the cleaned signal after 
removal of the ECG artefact. This, in turn, must lead to an error in interpretation of the 
processed signal. This suggests that it is necessary to inspect the raw signal and then to 
remove this ECG artefact if necessary before further analysis. 
 
In chiropractic practice, the raw surface EMG signal is processed to provide an indication of 
the level of exertion of the muscle by measures of the amplitude of the signal. The signal is 
not normalised despite the fact that the signal recorded from one individual is compared to 
that of a normative database. In this thesis, before the signal was processed the signal was 
inspected to determine whether the surface EMG signal was contaminated by an ECG artefact. 
Prior to signal analysis this artefact was removed. Two ECG cleaning techniques were 
developed for this purpose in this thesis. One technique removed the ECG artefact manually 
from the raw signal. After removal of the ECG artefact by “manual ECG cleaning technique”, 
none of static postures had all recording sites which had a good reliability with respect to the 
amplitude of the cleaned signal (only EMG signal). This technique can not be used for the 
frequency component of the signal. In order to investigate the frequency component of the 
signal, a second ECG cleaning technique was developed. This technique captured five slices 
of the raw surface EMG signal between successive R waves of the ECG artefact, and then the 
mean value of the five slices was calculated in terms of the amplitude and frequency of the 
signal. This technique was named the “semi-automatic ECG cleaning technique”. This 
technique was named the “avoidance ECG cleaning technique”. After removal of the ECG 
artefact by the avoidance technique, none of the static postures used in this study had good 
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reliability (ICC ≥ 0.75) with respect to the amplitude and frequency components of the 
cleaned signal (only EMG signal) for all electrode sites. 
 
In order to compare the amplitude of the surface EMG signal between different recording 
days within one individual as well as between individuals, the amplitude value should be 
normalised. Commonly, a maximum isometric voluntary contraction (MVC) is used as a 
normalisation procedure. In clinical practice, there are a number of difficulties which preclude 
the clinician using the MVC as a normalisation method. One obvious difficulty is that patients 
attending the chiropractor are usually suffering pain and, under these circumstances it is not 
possible or advisable for the patient to undergo a MVC of the lumbar paraspinal muscles. In 
this thesis, in order to compare between different recording days, a different technique was 
used to normalise the amplitude of the cleaned EMG signal. This technique calculated the 
ratio of the amplitude of the signal recorded at different electrode sites - relative to one 
specific electrode site which was chosen as the reference muscle contraction. Normalisation 
failed to improve the reliability of the surface EMG and it was still classified as poor when 
values of the normalised amplitude of the surface EMG signal were compared between 
different recording days.  
 
Some of the static postures used in this study increased the level of activation of paraspinal 
muscles. When the level of muscle contraction was moderate, the reliability of the amplitude 
measure became better. Therefore, the reliability of the surface EMG signal recorded from the 
lumbar paraspinal muscles was related to the level of exertion of the muscle and the degree of 
muscle contraction. However, the overall conclusion of this study was that surface EMG is 
not a reliable and valid tool when used to measure the amplitude and frequency of the surface 
EMG signal recorded from the lumbar paraspinal muscles while people maintained static 
postures where the degree of muscle contraction required to maintain the posture was low.  In 
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order to improve reliability of the surface EMG signal recorded from the lumbar paraspinal 
muscles for a future study, an activity should be associated with greater than a moderate level 
of muscle contraction. Therefore, if a static posture is used to measure the functional status of 
the lumbar paraspinal muscles using surface EMG, it is necessary to define the static posture 
which is associated with greater than a moderate level of the lumbar paraspinal muscle 
contraction in a healthy population group. 
 
The aim of the second project (Chapter 4: Surface EMG recording of MVC using two 
different tests, Page 120 – 136) was to evaluate whether two different maximum isometric 
voluntary contraction (MVC) tests produced the same effort of muscle contraction as 
evidenced by calculating the amplitude of the surface EMG signal recorded from the lumbar 
paraspinal muscles. The MVC is used as a reference muscle contraction which is then used to 
normalise the amplitude measure of the surface EMG signal. The unsupported trunk holding 
test is the most common technique which is used to measure the MVC in order to normalise 
the EMG signal recorded from low back muscles. In this technique, the subject is asked to 
maintain a horizontal prone position without support of the trunk while the investigator 
applies a resistive load against the trunk. Another technique that has been documented is to 
perform the same test but while the trunk (to the level of the shoulders) is supported by a 
surface (the bench). Although there was no difference between the two different techniques in 
the amplitude of the signal recorded from the thoracic region, the supported trunk holding test 
did not produce the same amplitude of the EMG signal in the lumbar region as well as the 
unsupported trunk holding test. Such a result suggests that the lumbar paraspinal muscles did 
not support the weight of the upper body during the supported trunk holding test; that is, some 
of the support of the upper trunk was provided by the bench. The conclusion from this study 
was that when the surface EMG signal is recorded from the lumbar paraspinal muscles, the 
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unsupported trunk holding test is the more appropriate method which is used to measure the 
MVC.  
 
The aim of the third project (Chapter 5 : Surface EMG recording of the lumbar paraspinal 
muscles under dynamic conditions, Page 137 – 209) was to determine whether a simple 
walking activity is a suitable protocol to record a reliable surface EMG signal from the lumbar 
paraspinal muscles.  
 
Walking is a dynamic but repetitive activity of daily living. The length of the low back 
muscles would be expected to change during a walking activity and this means that the 
surface EMG records a dynamic muscle contraction. Three components of the surface EMG 
signal were used to characterise the pattern of muscle activity during steady state walking. 
The narrow window technique was used to define the peak activation point during the muscle 
contraction cycle in order capture a stationary signal from which to calculate amplitude and 
frequency measures. In order to identify the peak activation point of the activity envelope, a 
moving RMS window, 50 samples wide, was used. This same moving window was also used 
to identify the start and end points of the activity envelope and define the timing of the muscle 
activation cycle relative to heel strike. This study had three main findings.  
 
The metronome was found to be useful to control the pace of natural walking in this study. 
However, the surface EMG signal of the first recording minute (1 ~ 2 minute) was not 
associated with a signal that was stable in terms of the parameters that were used in this study 
It was found that the last recording minute (9 ~ 10 minute) can be used. This suggests that it 
may be necessary for subjects to walk for a defined period lasting some minutes before the 
commencement of recording of the surface EMG. It may also be necessary to identify when 
the subject’s walking activity become normal when the metronome is used to keep the same 
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pace. However, it was not identified in this study. It was already found that within the last 
recording minute, only four parameters (amplitude and normalised frequency of the narrow 
window, the area of the activity envelop, and the length of activity time) had a consistent 
pattern for all electrode sites. These parameters can be used for a future study. However, 
within the last recording minute muscle fatigue which is one of evaluations of the functional 
status may occur. Therefore, it is important to define when subject walking remains steady. 
When it is identified, it is used as the initial recording minute. Furthermore, it can be used to 
compare to the last recording minute. Four parameters which had a consistent pattern for all 
electrode sites and onset relative right heel strike and activation time (onset) relative to right 
heel strike of the activity envelope will be used to identify when subject’s walking remains 
steady within a minute of recording. When each parameter has a consistent pattern for all 
electrode sites, it is evident that subject’s walking remains steady. When there is no difference 
between two different time periods (the initial and last recording minutes) with respect to 
these parameters, these parameters can be used for a future study which compares between 
non-healthy and healthy population groups. If there is a difference between them, it is 
important to define when muscle behaviour changes in a healthy population group. It was 
found that for the activation point of the activity envelope there was a difference between two 
different recording minutes. The change would be expected to occur earlier in a non-healthy 
population group than that of the healthy population group.   
 
The narrow window technique can be used to capture the stationary signal in order to analyse 
the peak activation of the activity envelope. However, in order to characterise the pattern of 
muscle activity, another step is necessary. This step normalises specific parameters of the two 
activity envelopes within a gait cycle.  
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Surface EMG can be used to measure low back muscle activity during exertions used to 
support a static posture or during dynamic movements such as walking in the real world. 
However, the static postures used in this thesis to record the surface EMG from the lumbar 
paraspinal muscles was found not to be a reliable and valid technique to measure a functional 
status of low back muscles by the limited signal processing which could be used by clinicians. 
Therefore, there might be some kind of powerful processing technology to be able to extract 
features during the maintenance of static posture. A walking exercise might be an alternative 
activity which can be used easily in clinical practice. The components of the surface EMG 
signal that may be used in future studies are summarised below (Table 6 – 1).  
 
Table 6 – 1: Parameter can be used for future studies 
 
EMG recording  
of low back muscle contraction under  
Components of the EMG signal Static conditions Dynamic conditions 
Amplitude No Yes # 
Frequency No Yes # 
Timing of muscle activation N/A Yes  (Only onset) 
Timing within  
an activity envelope N/A No 
Area of 
the activity envelope N/A Yes # 
Length of  
the activity time N/A Yes # 
 
# : the first recording minute can not be used, but it can be used for the last recording minute. 
 
These parameters which were used to define the pattern of muscle activity during walking in 
this thesis may be used as a diagnostic tool in a clinical setting. However, it was tested only 
on a healthy population group. Furthermore, it is still unknown when a subject walking 
rhythm reaches a steady state. Therefore, the first step is to define the period when it remains 
steady using these parameters. Then, this defined period will be used as the initial recording 
minute. After that, this period will be compared to the last recording minute to define any 
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changes using these parameters. If there is a difference between the two recording periods, it 
is necessary to define when these changes will occur. This is because in a non-healthy 
population group, these changes could be observed in an earlier recording period than that of 
a healthy population group. This is one way to evaluate the functional status of paraspinal 
muscles. The second step is that these parameters have to be tested on a non-healthy 
population group. This population group will include people who are currently not in pain, but 
have a history of acute episodes of low back pain (LBP) within the previous 12 months. It is 
thought that an acute episode of LBP is associated with the segmental atrophy and internal 
structural change of segmental spinal muscles which is thought to occur as a consequence of 
neural inhibition of the lumbar multifidus muscle (Hodges et al., 2006). Future studies may 
determine whether the surface EMG can pick up this segmental structural change associated 
with an acute episode of LBP. In order to recruit this specific population group, subjects will 
be required to have an imaging scan (MRI, ultrasound, or CT) of the cross sectional area 
(CSA) of the lumbar multifidus muscle. If surface EMG discriminates between the healthy 
and non-healthy population groups using two different recording periods (initial and last 
recording minute), it can be used as a diagnostic tool to assess the functional status of the 
lumbar paraspinal muscles without image scanning and biopsy in clinical practice. 
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Questionnaire          
 
Date:    /    /     
 
1. ID: __________________ 
 
2. Gender :      Male [   ]         Female [   ] 
 
3. Age: _________________ 
 
4. Height: _______________    Weight: ______________ 
 
5. Do you have low back pain now?  
Yes [   ]      No [   ]  
If answer ‘Yes’, please answer the following questions 
Where is your low back pain located? 
a) Around the waist 
b) Hip region 
c) Back of the leg 
d) Other(                                  ) 
 
When did low back pain start? 
a) One day previously 
b) Two days previously 
c) Less than one week 
d) Greater than one week 
 
Is your low back pain getting worse or better? 
 Worse [   ]                better [   ] 
 
Please mark the scale below at the point on the line that describes 
the intensity of your low back pain. ‘0’ is equivalent to no pain 
and ‘10’ is equivalent to the worst pain you have ever 
experienced. 
 
1                                   10 
 
6. Have you ever had low back pain?  
Yes [   ]      No [   ]  
If answer ‘Yes’, please answer the following questions 
When was your last episode of low back pain? 
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a) One week ago 
b) One month ago 
c) Between one and three months 
d) Between three and 6 months 
e) Greater than six months but less than 12 months 
f) Over 12 months ago 
 
Where was your last episode of low back pain located? 
a) Around the waist 
b) Hip region 
c) Back of the leg 
d) Other(                                  ) 
 
7. Do you suffer from joint problems such as osteoarthritis, rheumatoid arthritis, 
or any other form of arthritis?  
      Yes [   ]      No [   ] 
 
8. Have ever you been diagnosed with any type of arthritis? 
Yes [   ]      No [   ] 
If answer ’Yes’, please answer the following question 
What type of arthritis were you diagnosed with? 
(                                                      ) 
 
9. Do you have any known condition affecting your musculoskeletal or nervous 
system such as collagen disorders, fibromyalgia, multiple sclerosis, or 
trauma of the head and spine resulting in neurological deficit? 
Yes [   ]      No [   ] 
 
10. Have you ever had any known condition affecting your musculoskeletal or 
system? 
Yes [   ]      No [   ] 
If answer ’Yes’, please answer the following question 
What kind of condition did you have? 
(                                                      ) 
When did you have this condition? 
(                                                      ) 
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DEPARTMENT OF COMPLEMENTARY MEDICINE 
FACULTY OF LIFE SCIENCES 
 
PH: +61 3 9925 7596  FAX: +61 3 9467 2794  
 
Dear_____________________________, 
 
My name is Ken Kamei. I am a Master of Chiropractic science student.  
 
This letter is to invite you to participate in a study that will measure muscle activity in your 
low back region while you maintain a number of different static postures using surface 
electromyography. 
 
Project Title:  
The reliability of surface electromyography to study the activity patterns of lumbar paraspinal 
muscles during the execution of specific static postures. 
 
Background Information: 
Low back pain is a common problem in a society. Acute low back pain resolves in only 2-4 
weeks for 90% of patients, however the recurrence rate is high especially within the next 12 
months. The mechanism responsible for the high rate of recurrence of acute low back pain is 
currently not well understood. This project is concerned with studying the contractile patterns 
of the low back muscles using surface electromyography (SEMG). Electromyography is a 
technique that records the electrical activity of the muscle that is generated by the muscle 
during muscle contraction. Generally speaking, the larger the electromyographic signal, the 
stronger the contraction of the muscle. The SEMG is recorded by placing adhesive metal 
electrodes on the surface of the skin overlying the muscles of interest. It is hoped that this 
study will increase our understanding about the role the low back muscles play in providing 
adequate support for the low back during the execution of tasks associated with normal daily 
living. 
 
Requirements of Participants: 
In order to be eligible for this study you need to be aged between 20 and 60 years old and of 
good general health. You must not have any of the following; history of low back pain, any 
known arthritic condition, either inflammatory or degenerative (for example, osteoarthritis, 
and rheumatoid arthritis), known medical condition affecting your muscle or nervous system 
or significant trauma of the head and spine resulting in an impairment of your nervous 
system’s function. After contacting you, you will be required to fill in the questionnaire in 
order to determine whether you are suitable or not for our study. 
 
Experimental procedures to be carried out: 
 
1) Firstly we will measure the amount of back muscle activity you use using surface 
electromyography (SEMG) while you maintain certain static postures including, sitting, 
standing and four point kneeling. Recording electrodes will be positioned on the skin 
overlying your low back muscles. A total of 16 electrodes will be used. Before fixing the 
recording electrodes onto your skin, it is first necessary to gently abrade the skin 
overlying the back by cleaning the skin of your low back using an exfoliator as well as a 
swab soaked in alcohol. We do this because the electrical signal generated by the muscles 
is very small. It is essential that we remove oils and dead skin from the electrode sites in 
order to maintain a good quality signal, and also we may need to shave hair on your back 
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away in order to measure a quality signal if your back has hair. 
2) The second procedure requires you to maintain defined specific postures that will be 
demonstrated to you. In order to help you reproduce the required postures, we will use 
guides that will position close to but not touching specific parts of your body. The SEMG 
will be recorded for a period of 60 seconds while you maintain each of the defined 
postures. 
3) The third procedure requires you to flex your spine to approximately 30 degrees (bend 
forward) in order to easily mark the electrode sites onto a transparency film with a 
permanent pen after the first experiment. We do this because it is necessary to reproduce 
electrode placement in this project for the second experiment.   
4) A few days later you will be required to return to the laboratory and the same procedure 
will be undertaken.  
 
The studies will be conducted in the Human Neurophysiology laboratory (Building 201. 
Level 5. Room 28) at the RMIT Bundoora West campus. The experiment will take 
approximately 45 minutes for each participant on each occasion. 
 
Guidelines on the classification of human research projects by the Human Research Ethics 
Committee suggest this project to be in the minimal risk category. You maintain the right to 
withdraw from the study at any time. All information concerning individuals will remain 
confidential and no individual will be identified in any publications or presentations resulting 
from this study. 
 
Thank you for your support. 
 
Your faithfully, 
 
 
Ken Kamei, BAppSc, BCSc  Dr. Barbara I Polus 
 Supervisor 
 
   
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Any quires or complaints about your participation in this project may be directed to the 
Secretary, RMIT Human Research Ethics Committee, University Secretariat, RMIT, GPO Box 
2476V, Melbourne, 3001. The telephone number is (03) 9925 1745 
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HREC Form 2a 
RMIT HUMAN RESEARCH ETHICS COMMITTEE 
Prescribed Consent Form For Persons Participating In Research Projects Involving Tests 
and/or Medical Procedures 
 
FACULTY OF Life Science 
DEPARTMENT OF Complementary Medicine 
Name of participant: 
 
Project Title: The reliability of surface electromyography to study the activity 
patterns of lumbar paraspinal muscles during the execution of 
simple static postures 
Name(s) of investigators:    (1) Ken Kamei Phone: 9925 7655 
(2) Barbara I. Polus Phone: 9925 7714 
(3) Subash Chandar. Ragupathy Phone: 9925 9533 
 
 
1. I have received a statement explaining the tests/procedures involved in this project. 
 
2. I consent to participate in the above project, the particulars of which - including details of tests or 
procedures - have been explained to me. 
 
3. I authorise the investigator or his or her assistant to use with me the tests or procedures referred to in 1 
above. 
 
4. I acknowledge that: 
 
(a) The possible effects of the tests or procedures have been explained to me to my satisfaction. 
(b) I have been informed that I am free to withdraw from the project at any time and to withdraw any 
unprocessed data previously supplied (unless follow-up is needed for safety). 
(c) The project is for the purpose of research and/or teaching.  It may not be of direct benefit to me. 
(d) The privacy of the information I provide will be safeguarded.  However should information of a 
private nature need to be disclosed for moral, clinical or legal reasons, I will be given an opportunity 
to negotiate the terms of this disclosure. 
(e) The security of the research data is assured during and after completion of the study.  The data 
collected during the study may be published, and a report of the project outcomes will be provided 
to Department of Complementary Medicine.   Any information which will identify me will not be used. 
 
 
Participant’s Consent 
 
 
Name: 
 
Date: 
 
(Participant) 
 
 
Name: 
 
Date: 
 
(Witness to signature) 
 
 
  
Participants should be given a photocopy of this consent form after it has been signed. 
 
 Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics Committee, 
University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745.   
Details of the complaints procedure are available from the above address. 
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HREC Form No 2b 
RMIT HUMAN RESEARCH ETHICS COMMITTEE 
Prescribed Consent Form For Persons Participating In Research Projects Involving Interviews, 
Questionnaires or Disclosure of Personal Information 
 
 
FACULTY OF Life Science 
DEPARTMENT OF Complementary Medicine 
Name of participant: 
 
Project Title: The reliability of surface electromyography to study the activity 
patterns of lumbar paraspinal muscles during the execution of 
simple static postures 
Name(s) of investigators:    (1) Ken Kamei Phone: 9925 7655 
(2) Barbara I. Polus Phone: 9925 7714 
(3) Subash Chandar. Ragupathy Phone: 9925 9533 
 
1. I have received a statement explaining the interview/questionnaire involved in this project. 
 
2. I consent to participate in the above project, the particulars of which - including details of the interviews or 
questionnaires - have been explained to me. 
 
3. I authorise the investigator or his or her assistant to interview me or administer a questionnaire. 
 
4. I acknowledge that: 
 
(a) Having read Plain Language Statement, I agree to the general purpose, methods and demands of 
the study. 
(b) I have been informed that I am free to withdraw from the project at any time and to withdraw any 
unprocessed data previously supplied. 
(c) The project is for the purpose of research and/or teaching. It may not be of direct benefit to me. 
(d) The privacy of the information I provide will be safeguarded.  However should information of a 
private nature need to be disclosed for moral, clinical or legal reasons, I will be given an opportunity 
to negotiate the terms of this disclosure. 
(e) The security of the research data is assured during and after completion of the study.  The data 
collected during the study may be published, and a report of the project outcomes will be provided 
to_____________(researcher to specify).   Any information which will identify me will not be used. 
 
 
Participant’s Consent 
 
 
Name: 
 
Date: 
 
(Participant) 
 
 
Name: 
 
Date: 
 
(Witness to signature) 
 
 
  
Where participant is under 18 years of age: 
 
I consent to the participation of ____________________________________ in the above project. 
 
Signature: (1)                                             (2) Date: 
 
(Signatures of parents or guardians) 
 
Name: 
 
Date: 
 
(Witness to signature) 
 
Participants should be given a photocopy of this consent form after it has been signed. 
Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics Committee, 
University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745.   
Details of the complaints procedure are available from the above address. 
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1. Program for the Manual ECG cleaning technique 
 
for i=11:11, %%%Subject 1-8 
    for j=6:6,%%% Posture 1-11 or 12 
        for n=1:1%%%Channel 1-6 
            %%% Day1 - Algorithmic ECG Removal%%%%%%%%%%%%% 
            cd(dnames1{i}); 
            fnames1 = dir(dnames1{i}); 
            s1=textread(fnames1(j+2).name); 
             
            ff1=s1(:,n); 
            ff11=zeros(size(ff1)); 
            winsize=70; 
            %%cc=[]; 
            x=1;figure;plot(ff1);grid on;title([fnames1(j+2).name, 'Channel - ',int2str(n)]); 
            for j=1:85,%%%%%1:35 0r 85 
                zoom on; 
                if j==85;%%%%% 35 or 85 
                disp('press ENTER to end zoom'); 
                end  
                pause 
                zoom off 
                disp('click on the EMG Starting point');volStart=ginput(1); 
                disp('click on the EMG Ending point');volEnd=ginput(1); 
                len=volEnd-volStart; 
                len=fix(len); 
                femg=ff1(volStart:volEnd); 
                %%%%  meanX(j)=meannx(femg); 
                %%%%  medX(j)=mediannx(femg); 
                joinEMG(x:x+len)=femg; 
                x=x+len+1; 
            end 
            %%OrgMean=mean(meanX) 
            %%OrgMeanOfMed=mean(medX) 
            %%OrgMedOfMed=median(medX) 
             
            %%subplot(3,1,1); 
            %%plot(ff2) 
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            %%subplot(3,1,2); 
            plot(joinEMG);grid on; 
        end 
    end 
end 
end 
 
2. Program for the Semi-automatic ECG cleaning technique 
for a=1, %%%Subject 
    for p=3,%%% Posture 
            %%%%%%Day 1 %%%%%%%%%%%%%%%%%%%%%%%% 
            cd(dnames1{a}); 
            fnames1 = dir(dnames1{a}); 
            s=textread(fnames1(p+2).name); 
             
          for i=1:5, % Channel 1-6 
              si=s(:,i); 
          for j=1:6 %%% Number of slices of data 
              t=900;%%% Interval of the ECG signal(<900) 
              er=800;%%% start point of taking the EMG signal 
              x=si((t*(j-1)+10001+er):(t*(j-1)+10200+er)); 
           
%%%%% POWER SPECTRAL DENSITY %%%%%%%%%%%%%%%%%%%%%%%%%% 
             nfft=length(x); 
             window=round(nfft/4); 
             noverlap=round(window/2); 
             dflag='mean'; 
             fs=1000; 
             [Pxx,F]=psd(x,nfft,1000,window,noverlap,dflag); 
              
 %%%%%MEANFREQUENCY %%%%%%%%%%%%%%%%%%%%%%%%%%%                        
             MEANF(i,j)=sum(Pxx.*F)/sum(Pxx); 
              
 %%%%% RMS %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
             q=Pxx; 
             for r=1:length(q) 
                 q(i)=q(i)^2; 
             end  
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             RMS(i,j)=sqrt(sum(q(1:length(q)))/length(q)); 
         end 
     end 
 end 
end 
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Inter-electrode distance 
and 
Skin impedance used for Chapter 3 
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Inter-electrode distance (cm) 
Electrode Site Mean ± SD 
L2/3 L 3.11 ± 0.46 
L2/3 M 3.08 ± 0.49 Right 
L4/5 M 2.71 ± 0.31 
L2/3 L 3.26 ± 0.52 
L2/3 M 3.02 ± 0.50 Left 
L4/5 M 2.71 ± 0.33 
Mean of all electrode sites 2.96 ± 0.47 
 
SD refers to standard deviation. L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 
superficial multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle.  
 
 
 
Skin impedance of day 1 and day 2 recording sessions 
Electrode site Day Mean ± SD (kΩ) N 
Paired difference 
Mean ± SD t df Sig. 
D1 65.60 ± 39.39 L2/3 L D2 54.45 ± 41.39 20 0.011 ± 0.044 1.146 19 0.27 
D1 75.25 ± 55.38 L2/3 M D2 54.20 ± 58.48 20 0.021 ± 0.062 1.525 19 0.14 
D1 75.60 ± 66.72 
Right 
L4/5 M D2 69.70 ± 44.07 20 0.006 ± 0.078 0.338 19 0.74 
D1 70.58 ± 62.59 L2/3 L D2 64.00 ± 64.38 12 0.041 ± 0.130 1.091 11 0.30 
D1 56.70 ± 38.67 L2/3 M D2 51.80 ± 51.79 20 0.003 ± 0.058 0.532 19 0.60 
D1 81.45 ± 64.60 
Left 
L4/5 M D2 78.40 ± 57.37 20 0.005 ± 0.041 0.237 19 0.82 
 
 
"D1" refers to skin impedance measured on Day 1. "D2" refers to skin impedance measured on Day 2. 
L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : 
lumbar 4/5 superficial multifidus muscle.  
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Visual inspection used for Chapter 3 
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1. Four point kneeling with the left arm raised flexion to 90 degrees (4PL) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during four point kneeling with the left arm raised flexion to 90 
degrees (4PL). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : 
lumbar 4/5 superficial multifidus muscle. 
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2. Four point kneeling with no arm raised (4PN) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during four point kneeling with no arm raised (4PN). L2/3 L : lum-
bar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 superficial multi-
fidus muscle. 
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3. Four point kneeling with the right arm raised flexion to 90 degrees (4PR) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during four point kneeling with the right arm raised flexion to 90 
degrees (4PR). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : 
lumbar 4/5 superficial multifidus muscle. 
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4. Sitting with bilateral arms raised flexion to 90 degrees (SITB) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during sitting with bilateral arms raised flexion to 90 degrees 
(SITB). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 
4/5 superficial multifidus muscle. 
0%
25%
50%
75%
100%
D 1 D 2 D 1 D 2 D 1 D 2 D 1 D 2 D 1 D 2 D 1 D 2
L2/3 L L2/3 M L4/5 M L2/3 L L2/3 M L4/5 M
Right Left
Electrode site
%
 
su
bje
c
ts
w
ith
 
th
e
 
EC
G 
a
rt
ef
a
ct
 
 
                                                                                                                                                             Appendix A – 6 
262 
5.  Sitting with the left arm raised flexion to 90 degrees (SITL) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during sitting with the left arm raised flexion to 90 degrees (SITL). 
L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 su-
perficial multifidus muscle. 
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6. Sitting with no arm raised (SITN) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during sitting with no arm raised (SITN). L2/3 L : lumbar 2/3 ilio-
costalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus mus-
cle. 
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7. Sitting with the right arm raised flexion to 90 degrees (SITR) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during sitting with the right arm raised flexion to 90 degrees 
(SITR). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 
4/5 superficial multifidus muscle. 
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8. Standing with no arms raised (STAN) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during standing with no arm raised (STAN). L2/3 L : lumbar 2/3 
iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lumbar 4/5 superficial multifidus 
muscle. 
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9. Standing with bilateral arms raised flexion to 90 degrees (STANB) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during standing with bilateral arms raised flexion to 90 degrees 
(STANB). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lum-
bar 4/5 superficial multifidus muscle. 
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10.  Standing with the left arm raised flexion to 90 degrees (STANL) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during standing with the left arm raised flexion to 90 degrees 
(STANL). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lum-
bar 4/5 superficial multifidus muscle. 
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11. Standing with the right arm raised flexion to 90 degrees (STANR) 
% subjects where the ECG artefact (      ) was clearly visualised or not visualised (      ) for each electrode site for day 
1 (D1) and day 2 (D2) of the recorded EMG signal during standing with the right arm raised flexion to 90 degrees 
(STANR). L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus muscle. L4/5 M : lum-
bar 4/5 superficial multifidus muscle. 
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RMS – Raw data vs Cleaned data  
before and after ECG removal used for Chapter 3 
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RMS –  Raw data vs Cleaned data before and after ECG removal on Day 1 and Day 2 
 Electrode site Day Data Mean ± SD Paired Difference Mean ± SD t df Sig 
Raw 9.12E-06 ±  4.91E-06 D1 Cleaned 6.36E-06 ± 4.55E-06 2.77E-06 ± 1.97E-06 4.44 9 0.001** 
Raw 9.21E-06 ± 4.74E-06 L2/3 L D2 Cleaned 7.76E-06 ± 5.35E-06 1.45E-06 ± 1.60E-06 2.87 9 0.009** 
Raw 7.35E-06 ± 3.84E-06 D1 Cleaned 4.89E-06 ± 3.83E-06 2.46E-06 ± 1.94E-06 4.01 9 0.002** 
Raw 8.09E-06 ± 5.54E-06 L2/3 M D2 Cleaned 6.19E-06 ± 6.11E-06 1.91E-06 ± 1.65E-06 3.66 9 0.003** 
Raw 4.35E-06 ± 1.62E-06 D1 Cleaned 3.09E-06 ± 1.36E-06 1.26E-06 ± 1.02E-06 3.91 9 0.002** 
Raw 4.71E-06 ± 3.05E-06 
Right 
L 4/5 M 
D2 Cleaned 3.92E-06 ± 2.72E-06 7.92E-07 ± 6.02E-07 4.16 9 0.001** 
Raw 7.42E-06 ± 3.98E-06 D1 Cleaned 4.61E-06 ± 3.33E-06 2.81E-06 ± 2.23E-06 3.97 9 0.002** 
Raw 6.61E-06 ± 4.25E-06 L2/3 L D2 Cleaned 4.40E-06 ± 3.93E-06 2.21E-06 ± 1.88E-06 3.72 9 0.002** 
Raw 7.97E-06 ± 3.99E-06 D1 Cleaned 4.47E-06 ± 3.73E-06 3.50E-06 ± 2.89E-06 3.82 9 0.002** 
Raw 8.09E-06 ± 5.54E-06 L2/3 M D2 Cleaned 6.19E-06 ± 6.11E-06 1.91E-06 ± 1.65E-06 2.66 9 0.013* 
Raw 4.71E-06 ± 1.72E-06 D1 Cleaned 2.85E-06 ± 1.10E-06 1.86E-06 ± 1.56E-06 3.75 9 0.002** 
Raw 4.21E-06 ± 1.81E-06 
Left 
L 4/5 M 
D2 Cleaned 3.10E-06 ± 1.43E-06 1.11E-06 ± 1.26E-06 2.79 9 0.011* 
  
** p < 0.01, * p < 0.05. "D1" refers to the signal was recorded on Day 1. "D2" refers to the signal was recorded on Day 2. "Raw" refers to the raw data (the EMG signal + the 
ECG artefact). "Cleaned" refers to the cleaned data after removal of the ECG artefact. L2/3 L : lumbar 2/3 iliocostalis muscle. L2/3 M : lumbar 2/3 superficial multifidus 
muscle. L4/5 M : lumbar 4/5 superficial multifidus muscle. 
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Questionnaire          
Date:    /    /     
 
1. ID: ___________________ 
 
2. Gender :      Male         Female  
 
3. Age: __________________ 
 
4. Height: ____________cm     Weight: ___________kg 
 
5. Do you have low back pain now?  
Yes        No  
If answer ‘Yes’, please answer the following questions 
Where is your low back pain located? 
a)  Around the waist 
b)  Hip region 
c)  Back of the leg 
d)  Other___________________________________ 
 
When did low back pain start? 
a)  One day previously 
b)  Two days previously 
c)  Less than one week 
d)  Greater than one week 
 
Is your low back pain getting worse or better? 
Worse        Better  
Please mark the scale below at the point on the line that describes the intensity of 
your low back pain. ‘0’ is equivalent to no pain and ‘10’ is equivalent to the worst 
pain you have ever experienced. 
 
____________________ 
 
0                                 10 
 
6. Have you ever had low back pain?  
Yes        No  
If answer ‘Yes’, please answer the following questions 
When was your last episode of low back pain? 
a)  One week ago 
b)  Between 1 and 4 weeks 
c)  One month ago 
d)  Between one and three months 
e)  Between three and 6 months 
f)  Greater than six months but less than 12 months 
g)  Over 12 months ago 
 
Where was your last episode of low back pain located? 
a)  Around the waist 
b)  Hip region 
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c)  Back of the leg 
d)  Other___________________________________ 
 
7. Have you ever suffered from joint problems such as osteoarthritis, rheumatoid arthritis, or 
any other form of arthritis?  
Yes        No  
If answer ’Yes’, please answer the following question 
What type of arthritis were you diagnosed with? 
 
___________________________________________________________________ 
 
8. Do you have any pain in your lower limbs? 
Yes        No  
If answer ’Yes’, please answer the following question 
In which part of your leg/s do you have pain? 
 
___________________________________________________________________ 
 
9. Have you ever injured your low back or legs? 
Yes        No  
If answer ’Yes’, please answer the following question 
Which part of your low back / legs have you injured? 
 
____________________________________________________________ 
 
10. Have you ever had surgery involving your low back or legs? 
Yes        No  
If you answered ’Yes’ to this question, please answer the following question 
Please describe which area was affected? 
 
____________________________________________________________ 
 
Please tick a box  on the check list for neuromuscular disorders 
Yes : You have currently this problem. 
Ever : You have ever had this problem. 
Never : You have never had this problem. 
Unknown : You do not know whether you have had ever this problem or not. 
 
Check list for neuromuscular disorders 
a) Meningitis Yes        Ever         Never         Unknown  
b) Trauma Yes        Ever         Never         Unknown  
c) Seizure disorders Yes        Ever         Never         Unknown  
d) Sleep disorders Yes        Ever         Never         Unknown  
e) Stroke Yes        Ever         Never         Unknown  
f) Brain tumour Yes        Ever         Never         Unknown  
g) Fibromyalgia Yes        Ever         Never         Unknown  
h) Neurological deficit Yes        Ever         Never         Unknown  
 
 
11. Do you have any other known condition affecting your musculoskeletal or nervous 
system not in a list of question 12 a) to h) above ? 
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Yes        No  
If you answered ’Yes’ to this question, please provide your condition 
 
____________________________________________________________ 
 
12. Have you had ever any other known condition affecting your musculoskeletal or nervous 
system not in a list of question 12 a) to h) above ? 
Yes       No  
If you answered ’Yes’ to this question, please provide your condition 
 
____________________________________________________________ 
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Project Title: Surface electromyography to study the activity patterns of lumbar paraspinal 
muscles during walking. 
 
 
Primary Investigator: Ken Kamei Supervisors; Dr. Barbara Polus, Dr. Dinesh Kant Kumar 
Phone: (03) 9925 7655 Phone: (03) 9925 7714 (Dr. Polus) 
E-mail: S9600158@student.rmit.edu.au              (03) 9925 1954 (Dr. Kumar) 
 E-mail: barbara.polus@rmit.edu.au (Dr. Polus) 
  dinesh@rmit.edu.au (Dr. Kumar) 
 
 
 
Dear Participant, 
 
My name is Ken Kamei. I am a research student in the Division of Chiropractic, School of Health 
Sciences, RMIT University.  
This letter is to invite you to participate in the comparative study to measure maximum voluntary 
isometric muscle contraction of low back muscles using two different techniques. 
 
 
Background Information: 
Low back pain is a common problem in society. Acute low back pain resolves in only 2-4 weeks for 
90% of patients, however the recurrence rate is high especially within the next 12 months. The 
mechanism responsible for the high rate of recurrence of acute low back pain is currently not well 
understood. This study is a part of a comparative study to discriminate 2 population groups between a 
non-low back pain and a recurrent low back pain group. Maximum voluntary isometric muscle 
contraction (MVC) has been used to normalise the surface electromyography (SEMG) so that 
comparison of the size of the signal can be made of these methods to determine which method will be 
easier for our subjects to perform. 
 
 
Requirements of Participants for this reliability study: 
In order to be eligible for this study, you need to be aged between 20 and 50 years old and of good 
general health. You must not have no history of an acute episode of low back pain within the last 12 
months and any known arthritic condition, either inflammatory or degenerative (for example, 
osteoarthritis, and rheumatoid arthritis), surgery of the spine, fracture of the spine, or any known 
medical condition affecting your muscles or nervous system or any significant trauma to your head 
and spine resulting in an impairment of your nervous system’s function. 
 
The first step in this investigation is that we will require you to complete a short questionnaire that will 
allow us to determine whether you are eligible to participate in this study. If you are eligible, the 
following experimental procedures will be carried out. 
 
 
Experimental procedures to be carried out: 
1) Before the experiment, you will be required to take 2 tests in order to minimise any risks of low 
back pain or discomfort during the experiment. Firstly, we will measure your spine range of 
motion. The investigator will hold your pelvis, then you will be required to bend forward, 
DIVISION OF CHIROPRACTIC, SCHOOL OF HEALTH SCIENCES 
RMIT UNIVERSITY BUNDOORA WEST CAMPUS 
PO BOX 71 BUNDOORA, VICTORIA  AUSTRALIA  3083 
PH: +61 3 9925 7596  FAX: +61 3 9467 2794  
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backward, side to side and rotate your body. Secondly, you will be required to lay face up on a 
bench. The investigator (Ken Kamei) will lift your legs, one at a time with your knee held straight. 
You will be excluded from this experiment if you have any pain or discomfort in your low back 
region during either one of these tests. 
 
2) We will measure the amount of back muscle activity you use using surface electromyography 
(SEMG) during muscle contraction. Recording electrodes will be positioned on the skin overlying 
your back muscles. Before fixing the recording electrodes onto your skin, it is first necessary to 
gently abrade the skin overlying the back by cleaning the skin of your low back using an exfoliator 
as well as a swab soaked in alcohol. We do this because the electrical signal generated by the 
muscles is very small. It is essential that we remove oils and dead skin from the electrode sites in 
order to maintain a good quality signal. We may also need to shave off hair on your back in order 
to obtain a good quality signal. 
 
3) We will measure maximum voluntary isometric contraction of your back muscles that you are able 
to produce using 2 different methods. 
 
Method 1: 
You will be required to lay face down on a bench with your pelvis positioned at the head-edge of 
the bench. Two belts will be used to support your pelvis and lower legs while you attempt to 
maintain your trunk in a horizontal position (parallel with the floor) without support. In addition 
the investigator (Ken Kamei) will apply a downward resistive force against your back over your 
shoulder blades. This procedure will be repeated 2 times and each contraction will last for 3 
seconds only. You will have a three-minute rest period between each maximum voluntary effort.  
 
Method 2: 
You will be required to lay face down on a bench, with your head and shoulders positioned at the 
head-edge of the bench. Thus, your head and shoulders will be unsupported. Your feet will be 
supported by a belt. You will be required to maintain your head and shoulders in a horizontal 
position (parallel with the floor) without support. This procedure will be repeated 2 times and each 
contraction will last for 3 seconds only. You will have a three-minute rest period between each 
maximum voluntary effort. 
 
To measure the force generated by your back muscles, a harness will be fastened around your 
shoulders, directly under your arms. This harness will then be connected to a dynamometer which 
will measure the force generated by your trunk. 
 
You will have a ten-minute rest period between different methods. During each rest period, you 
will place your hands on the floor to support your trunk, or an adjustable chair will be provided to 
support your trunk. 
 
 
Potential risk in this experiment: 
1) You may have rash or itch due to cleaning the skin by soap, shaver, and an exfoliator soaked in 
70% alcohol, and using adhesive electrode or gel used on the electrode sites after removing 
electrodes. 
 
2) You may experience some low back pain during or after the experimental procedure. If this occurs 
during the experiment, please notify the investigator immediately and the experiment will stop. 
Both myself and Dr. Barbara Polus are chiropractors. Dr. Polus is also a registered practitioner 
within the state of Victoria. You will be examined by one or both of us and advised on appropriate 
management. If pain occurs in the next 24 hours after the experiment you will be advised to 
contact the investigators who will make a determination on appropriate action to be taken to 
minimize your discomfort.  
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The studies will be conducted at the RMIT Bundoora West campus in the Aerospace physiology 
laboratory in the Magee building (Room 203.2.05). We estimate that the experiment will take 
approximately 50 minutes to complete. 
 
 
Guidelines on the classification of human research projects by the Human Research Ethics Committee 
suggests this project to be in the minimal risk category. You maintain the right to withdraw from the 
study at any time. All information collected concerning individuals will remain confidential and also 
will be stored in a locked filing cabinet in the Human neurophysiology laboratory (Building 201. 
Level 5. Room 28). No individual will be identified in any publications or presentations resulting from 
this study. Only my supervisors (Dr. Polus, and Dr Kumar), and I will have access to the information. 
The information will be retained for 5 years, and then will be destroyed. 
 
Thank you for your support. 
 
 
 
Your faithfully, 
 
 
 
Primary Investigator Supervisor 
Ken Kamei, BAppSc, BCSc Dr. Barbara I. Polus             
Dr. Dinesh Kant Kumar 
 
 
 
 
 
 
 
 
 
 
 
 
 
Any quires or complaints about your participation in this project may be directed to the Secretary, RMIT 
Human Research Ethics Committee, University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001. The 
telephone number is (03) 9925 1745 
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HREC Form 2a,b 
RMIT HUMAN RESEARCH ETHICS COMMITTEE 
Prescribed Consent Form For Persons Participating In Research Projects Involving Tests 
and/or Medical Procedures, Interviews, Questionnaires or Disclosure of Personal Information 
 
FACULTY OF Life Science 
DEPARTMENT OF Complementary Medicine 
Name of participant: 
 
 
Project Title: Surface Electromyography to study the activity pattern of 
paraspinal muscles during walking 
Name(s) of investigators:    (1) Ken Kamei Phone: 9925 7655 
(2) Barbara I. Polus Phone: 9925 7714 
(3) Dinesh Kant Kumar Phone: 9925 1954 
(4) Smitha Shankar Phone: 9925 9533 
 
1. I have received a statement explaining the tests/procedures involved in this project. 
 
2. I consent to participate in the above project, the particulars of which - including details of tests or 
procedures - have been explained to me, and details of the interviews or questionnaires - have been 
explained to me, authorise the investigator or his or her assistant to interview me or administer a 
questionnaire. 
 
3. I authorise the investigator or his or her assistant to use with me the tests or procedures referred to in 1 
above. 
 
4. I have received a statement explaining the interview/questionnaire involved in this project. 
 
5. I acknowledge that: 
 
a) Having read Plain Language Statement, I agree to the general purpose, methods and demands 
of the study. 
b) I have been informed that I am free to withdraw from the project at any time and to withdraw 
any unprocessed data previously supplied (unless follow-up is needed for safety). 
c) The possible effects of the tests or procedures have been explained to me to my satisfaction. 
d) The project is for the purpose of research and/or teaching. It may not be of direct benefit to me. 
e) The privacy of the personal information I provide will be safeguarded and only disclosed where I 
have consented to the disclosure or as required by law.   
f) The security of the research data is assured during and after completion of the study.  The data 
collected during the study may be published, and a report of the project outcomes will be 
provided to RMIT (researcher to specify).   Any information which will identify me will not be 
used. 
 
Participant’s Consent 
 
 
Name: 
 
Date: 
 
(Participant) 
 
 
Name: 
 
Date: 
 
(Witness to signature) 
 
 
 
Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics Committee, 
University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745. 
Details of the complaints procedure are available from the above address. 
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Programs for signal processing used for Chapter 4 and 5 
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1. Program for DC Offset 
c1m=mean(c1); 
c1d=detrend(c1 - c1m); 
figure; 
subplot(2,1,1);plot(c1);grid;title('MVC Ch1 Org'); 
subplot(2,1,2);plot(c1d);grid;title('MVC Ch1 subtract'); 
env_c1d=rrms(c1d, 50, 0); 
wvtool(env_c1d); 
mvc_c1=max(env_c1d); 
 
2. Program for moving RMS 
function y = rrms(signal,N,M); 
%Finds Running RMS of a signal. 
%inputs are as y = rrms(signal,N,M). 
%"signal" is the signal whose running rms has to be determined. 
%N is the window size and M is the percentage overlap between adjecent windows. 
 
z = signal.^2; 
if M 
   m=M/100; 
else 
   m=0; 
end  
 
p = ((length(z)/N) -1); 
 
for n = 1:1:p 
    y(n) = sqrt(sum (z(n*N:(n+1-m)*N))/N); 
end 
%plot (y); 
%wvtool(y)% opens plot in window analysis tool for ease of analysis. 
 
3. Program for defining peak activation 
function pk = vpeaks(envelop,N)  % This is the main function. 
 
%this function directly finds the position of the peaks in the envelope. 
%Syntex is pk = vpeaks(envelop,N). here 
%pk = output, 
%Envelop is the envelop detected. 
%N is the approximate number of samples in which the peak occurs. 
 
out = ppeaks(envelop,N);  
 
pk  = points(envelop,out,N); 
 
%======================================================================= 
function out = ppeaks(envelop,N) % Subfunction Number 1. 
% Finds peaks in any signal.  
%Syntex : Peak = ppeaks(envelop,N) 
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% "envelop" is the envelop detected using rrms function. 
% N is the rough estimate in which peaks occurs in this envelop. 
%z = envelop; 
 
 
out(1) = max(envelop(1:N)); 
for n = 1 :(length(envelop)/N - 1)  
     
   out(n+1) = max(envelop(n*N:(n+1)*N)); 
            
end 
%======================================================================= 
in = out; 
 
%======================================================================= 
 
function point = points(envelop,out,N)  % Subfunction Number 2 
%this function finds the position of the peaks which are found from first 
%subfunction. 
 
in = out; 
%z = envelop; 
i = 1; 
j= 1; 
p = ((length(in)) -1); 
for j = 1:p 
     
    for i = 1 :(length(envelop)- N)  
       
    if envelop(i) == in(j) 
        point(j) = i; 
        j = j + 1; 
    end  
end 
end 
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DIVISION OF CHIROPRACTIC 
SCHOOL OF HEALTH SCIENCES 
PH: +61 3 9925 7596  FAX: +61 3 9467 2794 
 
 
 
Project Title: Surface electromyography to study the activity patterns of the lumbar 
paraspinal muscles during walking. 
 
 
Primary Investigator: Ken Kamei Supervisors; Dr. Barbara I. Polus, Dr. Dinesh Kant Kumar 
Phone: (03) 9925 7655 Phone: (03) 9925 7714 (Dr. Polus) 
E-mail: S9600158@student.rmit.edu.au              (03) 9925 1954 (Dr. Kumar) 
 E-mail: barbara.polus@rmit.edu.au (Dr. Polus) 
  dinesh@rmit.edu.au (Dr. Kumar) 
 
 
Dear Participant, 
 
My name is Ken Kamei. I am a research student at the division of Chiropractic, RMIT 
University. 
 
I would like to invite you to participate in a study that will measure muscle activity in your 
low back region while you walk using surface electromyography. 
 
 
Background Information: 
Low back pain is a common problem in a society. Acute low back pain resolves in only 2-4 
weeks for 90% of patients, however the recurrence rate is high especially within the next 12 
months. The mechanism responsible for the high rate of recurrence of acute low back pain is 
currently not well understood. This project is concerned with studying the contractile patterns 
of the low back muscles using surface electromyography (SEMG). Electromyography is a 
technique that records the electrical activity of the muscle that is generated by the muscle 
during muscle contraction. Generally speaking, the larger the electromyographic signal, the 
stronger the contraction of the muscle. The SEMG is recorded by placing adhesive metal 
electrodes on the surface of the skin overlying the muscles of interest. It is hoped that this 
study will increase our understanding about the role the low back muscles play in providing 
adequate support for the low back during the execution of tasks associated with normal daily 
living such as walking. 
 
 
Requirements of Participants for non-low back pain group: 
In order to be eligible for this study you need to be aged between 20 and 60 years old and of 
good general health. You must not have any of the following; history of low back pain, any 
known arthritic condition, either inflammatory or degenerative (for example, osteoarthritis, 
and rheumatoid arthritis), surgery of the spine or lower extremities, any disorders that disrupt 
your ability to walk freely, any known medical condition affecting your muscle or nervous 
system or significant trauma of the head and spine resulting in an impairment of your nervous 
system’s function. The first step in this investigation is that we will require you to complete a 
short questionnaire that will allow us to determine whether you are eligible for our study. If 
you are eligible the following experimental procedures will be carried out. 
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Experimental procedure to be carried out: 
1) Firstly we will measure the amount of back muscle activity you use using surface 
electromyography (SEMG) while you walk. Recording electrodes will be positioned on 
the skin overlying your low back muscles. A total of 8 electrodes will be used. Before 
fixing the recording electrodes onto your skin, it is first necessary to gently abrade the 
skin overlying the back by cleaning the skin of your low back using an exfoliator as well 
as a swab soaked in alcohol. We do this because the electrical signal generated by the 
muscles is very small. It is essential that we remove oils and dead skin from the electrode 
sites in order to maintain a good quality signal. We may also need to shave off hair on 
your back in order to obtain a good quality signal. In order to mark your walking cycle, 
we will put a sensor into your right shoe. 
 
2) Secondly we will measure the maximum voluntary contraction of your back muscles that 
you are able to produce. You will be required to lay face down on a bench with your 
pelvis positioned at the head-edge of the bench. Two belts will be used to support your 
pelvis and lower legs while you attempt to maintain your trunk in a horizontal position 
(parallel with the floor) without support. In addition the investigator (Ken Kamei) will 
apply a downward resistive force against your back by the investigator placing his hands 
over your shoulder blades. This procedure will be repeated three times and each 
contraction will last for 5 seconds only. You will have a one-minute rest period between 
each maximum voluntary effort. 
 
3) The muscle activity from your back will be recorded for a period of approximately 5 
minutes while you walk continuously over a 10-minute period. In order to control your 
natural walking speed, your walking speed will be synchronised to the rhythm of a 
metronome. You will be walking on a flat surface in the laboratory. 
 
 
Potential risk in this experiment: 
1) You may have rash or itch due to cleaning the skin by soap, shaver, and an exfoliator 
soaked in 70% alcohol, and using adhesive electrode or gel used on the electrode sites 
after removing electrodes. 
 
2) You may experience some low back pain during or after the experimental procedure. If 
this occurs during the experiment, please notify the investigator immediately and the 
experiment will stop. Both myself and Dr. Barbara Polus are chiropractors. Dr. Polus is 
also a registered practitioner within the state of Victoria. You will be examined by one or 
both of us and advised on appropriate management. If pain occurs in the next 24 hours 
after the experiment you will be advised to contact the investigators who will make a 
determination on appropriate action to be taken to minimize your discomfort.  
 
 
The studies will be conducted at the RMIT Bundoora West campus in the Aerospace 
physiology laboratory in the Magee building (Room 203.2.05). We estimate that the 
experiment will take approximately 50 minutes to complete. 
 
You maintain the right to withdraw from the study at any time. All information collected 
concerning individuals will remain confidential and also will be stored in a locked filing 
cabinet in the Human neurophysiology laboratory (Building 201. Level 5. Room 28). The 
results of this study may be published but you will not be identified in any way. No individual 
will be identified in any publications or presentations resulting from this study. Only my 
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supervisors (Dr. Polus, and Dr Kumar), and I will have access to the information. The 
information will be retained for 5 years, and then will be destroyed.  
 
 
Thank you for your support. 
 
 
Your faithfully, 
 
 
Primary Investigator Supervisor 
Ken Kamei, BAppSc, BCSc Dr. Barbara I. Polus             
Dr. Dinesh Kant Kumar 
Any quires or complaints about your participation in this project may be directed to the Secretary, RMIT 
Human Research Ethics Committee, University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001. The 
telephone number is (03) 9925 1745 
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The number of gait cycles per lap  
within two different recording periods 
and 
Consistency of gait cycles  
within 10 minutes of walking 
used for Chapter 5 
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1. Gait cycles per lap within two different recording periods 
 Recording period 
Subject First  recording minute (1 ~ 2 minute) 
Last recording minute 
(9 ~ 10 minute) 
1 6.35 5.81 
2 5.71 5.43 
3 5.625 4.65 
4 4.59 4.86 
5 6 6 
6 4.29 4.14 
7 N/A 6.75 
8 5.33 5 
9 5.38 5.38 
10 5.87 N/A 
Mean ± SD 5.46 ± 0.66 5.34 ± 0.78 
p value 0.11 
 
 
 
2.  Consistency of gait cycles within 10 minutes of walking 
 
First recording minute 
(1 ~ 2 minute) 
Last recording minute 
(9 ~ 10 minute) 
 
First 
set 
Second  
set 
Between 
sets 
Third 
set 
Fourth  
set 
Between 
sets 
Between two  
different time periods 
Gait 
Cycle        
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Visual inspection for the smoothed signal used for Chapter 5 
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1. Visual inspection for the smoothed signal within the first 
recording minute (1 ~ 2 minute) 
First data set Second data set Subject 1 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
              
First data set Second data set Subject 2 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
First data set Second data set Subject 3 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
First data set Second data set Subject 4 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
First data set Second data set Subject 5 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
First data set Second data set Subject 6 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
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First data set Second data set Subject 7 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12     N        
L4             Left 
L5             
 
First data set Second data set Subject 8 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
First data set Second data set Subject 9 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
First data set Second data set Subject 10 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
Blank cell indicates that the activity envelope was identified. ''N'' : the activity envelope could not be identified. 
''B1'' : First activity envelope. ''B2'' : Second activity envelope. ''B3'' : Third activity envelope. ''B4'' : Fourth 
activity envelope. ''B5'' : Fifth activity envelope. ''B6'' : Sixth activity envelope. T8 : thoracic 8th longissimus 
muscle. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle.  
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2.  Visual inspection for the smoothed signal within the last 
recording minute (9 ~ 10 minute) 
Third data set Fourth data set Subject 1 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
              
Third data set Fourth data set Subject 2 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
Third data set Fourth data set Subject 3 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
Third data set Fourth data set Subject 4 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
Third data set Fourth data set Subject 5 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
Third data set Fourth data set Subject 6 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
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Third data set Fourth data set Subject 7 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12  N           
L4       N      Right 
L5     N  N      
T12             
L4    N         Left 
L5          N   
 
Third data set Fourth data set Subject 8 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4       N   N   Right 
L5       N      
T12             
L4             Left 
L5       N      
 
Third data set Fourth data set Subject 9 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
 
Third data set Fourth data set Subject 10 B1 B2 B3 B4 B5 B6 B1 B2 B3 B4 B5 B6 
T8 N N N N N N N N N N N N 
T12 G G G G G G G G G G G G 
L4 G G G G G G G G G G G G Right 
L5 G G G G G G G G G G G G 
T12 G G G G G G G G G G G G 
L4 G G G G G G G G G G G G Left 
L5 G G G G G G G G G G G G 
 
Blank cell indicates that the activity envelope was identified. ''N'' : the activity envelope could not be identified. 
''G'' : the activity envelope was identified, but EMG signal could not be analysed, because the signal from the 
foot sensor was lost.  ''B1'' : First activity envelope. ''B2'' : Second activity envelope. ''B3'' : Third activity 
envelope. ''B4'' : Fourth activity envelope. ''B5'' : Fifth activity envelope. ''B6'' : Sixth activity envelope. T8 : 
thoracic 8th longissimus muscle. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus 
muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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Timing of muscle activation,  
length of the gait cycle, 
and timing within the activity envelope  
used for Chapter 5 
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1. Timing of muscle activation within the first recording minute (1 ~ 2 minute) 
First data set Second data set Within the first minute 
LHSG RHSG LHSG RHSG LHSG RHSG Onset 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
T12 34.49 ± 5.29 84.39 ± 9.48 32.91 ± 6.96 83.65 ± 8.49 33.70 ± 6.18 84.02 ± 8.93 
L4 34.84 ± 5.64 80.57 ± 6.37 33.80 ± 6.35 81.98 ± 5.36 34.39 ± 5.98 81.10 ± 5.88 Right 
L5 36.79 ± 4.96 82.40 ± 5.78 36.75 ± 5.35 84.03 ± 5.26 36.77 ± 5.11 83.21 ± 5.54 
T12 31.99 ± 7.13 85.47 ± 3.96 32.45 ± 6.59 85.38 ± 4.64 32.23 ± 6.80 85.43 ± 4.28 
L4 31.12 ± 4.62 80.57 ± 6.37 31.73 ± 5.19 81.98 ± 5.36 31.43 ± 4.88 81.27 ± 5.88 Left 
L5 33.35 ± 5.39 82.40 ± 5.78 31.65 ± 4.91 84.03 ± 5.26 32.50 ± 5.18 83.21 ± 5.54 
 
First data set Second data set Within the first minute 
LHSG RHSG LHSG LHSG RHSG LHSG Peak 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
T12 46.35 ± 2.77 94.96 ± 6.57 45.78 ± 2.93 96.04 ± 5.59 46.06 ± 2.84 95.50 ± 6.08 
L4 47.24 ± 2.82 95.15 ± 3.21 47.29 ± 1.58 95.91 ± 2.85 47.27 ± 2.26 95.53 ± 3.03 Right 
L5 47.23 ± 2.82 96.48 ± 2.31 47.00 ± 2.25 96.63 ± 2.86 47.11 ± 2.53 96.55 ± 2.58 
T12 43.56 ± 5.41 96.63 ± 2.25 45.69 ± 6.74 96.22 ± 2.34 44.64 ± 6.17 96.42 ± 2.29 
L4 43.94 ± 3.93 97.09 ± 2.25 44.14 ± 3.52 96.50 ± 2.58 44.04 ± 3.70 96.80 ± 2.42 Left 
L5 45.72 ± 4.14 97.57 ± 3.17 45.51 ± 2.69 96.20 ± 2.96 45.61 ± 3.46 96.88 ± 3.12 
 
First data set Second data set Within the first minute 
LHSG RHSG LHSG LHSG RHSG LHSG Offset 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
T12 58.87 ± 6.45 7.31 ± 6.82 58.98 ± 6.93 6.85 ± 7.99 58.93 ± 6.63 7.08 ± 7.33 
L4 58.39 ± 5.08 8.98 ± 4.41 58.45 ± 6.52 11.13 ± 4.57 58.42 ± 5.80 10.08 ± 4.57 Right 
L5 57.19 ± 4.12 11.40 ± 3.50 58.66 ± 5.75 11.31 ± 5.55 57.92 ± 5.02 11.36 ± 4.58 
T12 56.67 ± 5.54 9.56 ± 2.99 58.37 ± 5.75 9.60 ± 4.74 57.53 ± 5.66 9.58 ± 3.92 
L4 60.01 ± 5.95 9.50 ± 5.00 60.06 ± 5.80 10.76 ± 4.97 60.04 ± 5.82 10.13 ± 4.96 Left 
L5 60.21 ± 6.63 7.66 ± 4.58 62.73 ± 5.66 8.88 ± 5.15 61.47 ± 5.02 8.27 ± 4.85 
 
These values were converted from the window number. LHSG is the left heel strike group (including first, third, 
and fifth activity envelopes). RHSG is the right heel strike group (including second, fourth, and sixth activity 
envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle. 
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2. Timing of muscle activation within the last recording minute (9 ~ 10 minute) 
Third data set Fourth data set Within the last minute 
LHSG RHSG LHSG RHSG LHSG RHSG Onset 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
T12 33.41 ± 6.98 82.19 ± 8.97 33.87 ± 6.55 81.60 ± 8.59 33.64 ± 6.71 81.90 ± 8.70 
L4 36.05 ± 5.58 80.40 ± 5.71 35.90 ± 6.41 82.75 ± 7.54 35.98 ± 5.93 81.58 ± 6.73 Right 
L5 36.73 ± 6.57 83.38 ± 5.41 37.51 ± 8.07 84.46 ± 6.56 37.11 ± 7.28 83.92 ± 5.98 
T12 32.41 ± 7.17 85.57 ± 5.45 31.89 ± 8.17 85.44 ± 5.08 32.15 ± 7.62 85.51 ± 5.22 
L4 30.19 ± 5.36 87.06 ± 4.64 31.56 ± 6.10 86.13 ± 6.90 30.83 ± 5.70 86.58 ± 5.86 Left 
L5 33.05 ± 7.50 86.32 ± 5.06 32.59 ± 6.87 86.92 ± 6.10 32.82 ± 7.13 86.62 ± 5.56 
 
Third data set Fourth data set Within the last minute 
LHSG RHSG LHSG LHSG RHSG LHSG Peak 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
T12 47.29 ± 3.15 93.10 ± 5.41 45.33 ± 3.50 95.32 ± 5.94 46.31 ± 3.44 94.21 ± 5.74 
L4 47.33 ± 2.89 95.48 ± 2.35 46.89 ± 3.92 96.63 ± 4.52 47.13 ± 3.39 96.05 ± 3.62 Right 
L5 47.21 ± 3.97 96.12 ± 2.91 48.23 ± 5.55 96.75 ± 3.81 47.71 ± 4.79 96.43 ± 3.37 
T12 43.85 ± 6.46 96.49 ± 2.77 43.33 ± 5.14 96.61 ± 2.15 43.59 ± 5.79 96.55 ± 2.46 
L4 43.83 ± 5.18 96.85 ± 2.07 44.71 ± 4.93 98.28 ± 3.75 44.27 ± 5.03 97.58 ± 3.10 Left 
L5 46.44 ± 4.45 96.26 ± 3.37 45.19 ± 4.96 98.09 ± 3.35 45.83 ± 4.71 97.17 ± 3.45 
 
Third data set Fourth data set Within the last minute 
LHSG RHSG LHSG LHSG RHSG LHSG Offset 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
T12 58.45 ± 5.36 4.02 ± 5.80 60.32 ± 7.30 9.01 ± 7.46 59.39 ± 6.42 6.51 ± 7.05 
L4 60.01 ± 5.32 9.96 ± 5.76 58.52 ± 6.04 10.96 ± 5.00 59.31 ± 5.66 10.46 ± 5.34 Right 
L5 56.95 ± 4.12 8.38 ± 5.84 58.25 ± 6.17 10.21 ± 3.11 57.59 ± 5.21 9.29 ± 4.70 
T12 56.80 ± 6.15 7.05 ± 4.79 55.96 ± 5.82 8.77 ± 5.69 56.38 ± 5.94 7.91 ± 5.27 
L4 58.48 ± 4.83 10.07 ± 6.46 59.99 ± 3.45 10.07 ± 6.84 59.24 ± 4.23 10.07 ± 6.57 Left 
L5 61.00 ± 5.33 10.15 ± 5.80 59.73 ± 6.40 8.56 ± 4.84 60.38 ± 5.86 9.35 ± 5.32 
 
These values were converted from the window number. LHSG is the left heel strike group (including first, third, 
and fifth activity envelopes). RHSG is the right heel strike group (including second, fourth, and sixth activity 
envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle. 
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3. Timing of muscle activation for two recording minutes 
Onset Peak Offset 
LHSG RHSG LHSG LHSG RHSG LHSG  
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
T12 33.66 ± 6.43 83.19 ± 8.54 46.27 ± 3.18 94.89 ± 5.93 59.14 ± 6.51 6.84 ± 6.83 
L4 34.32 ± 5.93 82.19 ± 6.73 47.20 ± 2.82 95.85 ± 3.36 58.83 ± 5.73 10.26 ± 4.92 Right 
L5 36.93 ± 6.18 83.58 ± 5.47 47.38 ± 3.75 96.42 ± 2.94 57.77 ± 5.09 10.38 ± 4.59 
T12 32.19 ± 7.17 85.50 ± 4.73 44.14 ± 5.98 96.48 ± 2.36 56.98 ± 5.80 9.00 ± 4.42 
L4 31.15 ± 5.26 83.76 ± 6.42 44.15 ± 4.36 97.24 ± 2.78 56.68 ± 13.98 10.64 ± 5.41 Left 
L5 32.65 ± 6.15 84.83 ± 5.50 45.72 ± 4.08 97.02 ± 3.27 60.96 ± 6.06 8.32 ± 5.09 
 
These values were converted from the window number. LHSG is the left heel strike group (including first, third, 
and fifth activity envelopes). RHSG is the right heel strike group (including second, fourth, and sixth activity 
envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle. 
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4. Timing with the activity envelope within the first recording minute (1 ~ 2 minute) 
  First data set Second data set Within the first minute 
  Mean ± SD Mean ± SD Mean ± SD 
 Gait 1102.77 ± 39.21 1110.70 ± 52.55 1106.73 ±  46.14 
 
First data set Second data set Within the first minute OnPk Mean ± SD Mean ± SD Mean ± SD 
T12 123.33 ± 57.83 140.83 ± 72.19 132.08 ± 66.43 
L4 149.17 ± 61.40 152.50 ± 66.02 150.83 ± 67.39 Right 
L5 135.00 ± 55.46 126.67 ± 57.83 130.83 ± 57.64 
T12 125.47 ±  41.16 137.04 ± 59.23 131.31 ± 53.80 
L4 134.17 ± 51.66 130.00 ± 52.24 132.08 ± 52.88 Left 
L5 125.83 ± 58.58 130.83 ± 52.96 128.33 ± 56.55 
 
First data set Second data set Within the first minute 
PkOff Mean ± SD Mean ± SD Mean ± SD 
T12 142.00 ± 64.17 135.00  ±  71.61 138.50 ± 69.24 
L4 136.00 ± 55.37 143.00 ± 72.15 139.50 ± 66.85 Right 
L5 134.00 ± 51.94 144.00 ± 64.40 139.00 ± 58.51 
T12 143.88 ± 54.61 145.00 ± 63.29 144.44 ± 61.90 
L4 162.00 ± 71.11 168.00 ± 60.41 165.00 ± 63.44 Left 
L5 142.00 ±  60.07 172.00 ± 67.13 157.00 ± 66.55 
 
First data set Second data set Within the first minute OnOff 
Mean ± SD Mean ± SD Mean ± SD 
T12 265.00 ± 87.04 279.00 ± 119.56 272.00 ± 107.85 
L4 278.00 ± 77.04 295.00 ± 106.55 286.50 ± 96.82 Right 
L5 266.00 ± 84.78 272.00 ± 99.06 269.00 ± 91.99 
T12 260.20 ± 66.91 292.00 ± 91.12 276.26 ± 85.22 
L4 300.00 ± 86.31 304.00 ± 76.16 302.00 ± 80.03 Left 
L5 276.00 ± 83.45 309.00 ± 96.20 292.50 ± 94.28 
 
These values were converted from the window number. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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5. Timing with the activity envelope within the last recording minute (9 ~ 10 
minute) 
  Third data set Fourth data set Within the last minute 
  Mean ± SD Mean ± SD Mean ± SD 
 Gait 1100.19 ± 40.70 1112.48 ± 49.29 1106.33 ± 46.40 
 
Third data set Fourth data set Within the last minute OnPk 
Mean ± SD Mean ± SD Mean ± SD 
T12 136.11 ± 66.88 140.74 ± 66.64 138.43 ± 66.49 
L4 145.37 ± 56.86 139.22 ± 60.26 142.38 ± 58.33 Right 
L5 128.30 ± 51.43 128.85 ± 55.44 128.57 ± 53.19 
T12 122.92 ± 48.33 128.13 ± 52.50 125.52 ± 50.26 
L4 129.25 ± 53.20 136.11 ± 54.44 132.71 ± 53.69 Left 
L5 129.25 ± 63.88 132.69 ± 64.84 130.95 ± 64.07 
 
Third data set Fourth data set Within the last minute 
PkOff 
Mean ± SD Mean ± SD Mean ± SD 
T12 117.78 ± 54.52 160.00 ± 74.32 146.53 ± 68.19 
L4 146.67 ± 58.78 142.86 ± 59.03 138.41 ± 58.59 Right 
L5 118.18 ± 49.52 129.07 ± 53.71 123.91 ± 51.62 
T12 135.56  ± 49.57 143.33  ± 62.70 143.06 ± 56.34 
L4 160.23 ± 51.24 160.00 ± 58.00 163.38 ± 54.45 Left 
L5 156.82 ± 71.19 145.35 ± 75.45 148.57 ± 73.13 
 
Third data set Fourth data set Within the last minute OnOff 
Mean ± SD Mean ± SD Mean ± SD 
T12 254.44 ± 97.01 301.11 ± 101.40 287.50 ± 101.43 
L4 287.78 ± 86.70 278.57 ± 98.86 273.91 ± 92.34 Right 
L5 247.73 ± 76.21 256.98 ± 85.62 255.80 ± 80.66 
T12 266.67 ± 76.13 277.78 ± 89.54 275.00 ± 82.83 
L4 293.18 ± 70.37 300.00  ± 80.48 300.00  ± 75.30 Left 
L5 290.91 ± 98.99 281.40 ± 100.01 286.43 ± 99.03 
 
These values were converted from the window number. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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6. Timing with the activity envelope for two recording minutes 
  Mean ± SD     
 Gait 1106.54 ± 45.20     
                                                                                                                                                                                                                                         
  OnPk PkOff OnOff 
  Mean ± SD Mean ± SD Mean ± SD 
T12 135.09 ± 66.02 138.68 ± 67.78 274.74 ± 102.71 
L4 146.89 ± 61.16 141.98 ± 61.48 285.03 ± 92.40 Right 
L5 129.78 ± 54.91 131.82 ± 55.75 261.23 ± 86.96 
T12 128.57 ± 50.70 142.06 ± 57.57 274.34 ± 81.80 
L4 132.38 ± 52.57 162.70 ± 60.56 299.47 ± 78.21 Left 
L5 129.56 ± 59.61 154.28 ± 68.85 289.57 ± 94.67 
 
These values were converted from the window number. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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1. Timing of muscle activation – Results of the F-test within the first recording minute 
(1 ~ 2 minute) 
%Onset %Peak %Offset Electrode 
site All LHSG RHSG All LHSG RHSG All LHSG RHSG 
T12 0.41 2.24* 10.20** 0.23 7.53** 11.83** 0.28 4.59** 3.82** 
L4 0.36 8.32** 5.47** 0.05 2.01** 7.37** 0.13 2.09* 3.14** Right 
L5 0.28 6.63** 5.40** 0.06 3.88** 8.65** 0.08 1.96 1.18 
T12 0.32 17.01** 4.21** 0.12 12.20** 3.85* 0.15 6.75** 1.18 
L4 0.19 9.11** 5.49** 0.07 9.83** 4.22** 0.18 3.79** 3.23** Left 
L5 0.21 5.22** 4.62** 0.09 8.33** 4.56** 0.10 1.40 4.87** 
 
All values reported are F-ratio. * p < 0.01, * p < 0.05. "All" indicates 12 activity envelopes for %Onset 
and %Peak, and 10 activity envelopes for %Offset that were used in the F-test. LHSG is the left heel strike group 
(including first, third, and fifth activity envelopes). RHSG is the right heel strike group (including second, fourth, 
and sixth activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus 
muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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2. Timing of muscle activation – Consistent pattern within the first and last recording minutes 
First recording minute (1 ~ 2 minute) Last recording minute (1 ~ 2 minute) 
First data set Second data set Between data sets Third data set Fourth data set Between data sets %Onset 
LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG 
T12             
L4             Right 
L5             
T12             
L4             Left 
L5             
First recording minute (1 ~ 2 minute) Last recording minute (1 ~ 2 minute) 
First data set Second data set Between data sets Third data set Fourth data set Between data sets %Peak 
LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG 
T12    
 
      *  
L4    *  N/A    
 
  
Right 
L5             
T12   *  N/A        
L4    *  N/A   *  N/A  Left 
L5      *       
First recording minute (1 ~ 2 minute) Last recording minute (1 ~ 2 minute) 
First data set Second data set Between data sets Third data set Fourth data set Between data sets %Offset 
LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG LHSG RHSG 
T12            * 
L4 *    N/A        Right 
L5             
T12             
L4    *  N/A       Left 
L5  *   * N/A       
 
* indicates significant difference (p < 0.05) among activity envelopes or between data sets using the parametric test or the non parametric test. Blank cell indicates no 
significant difference (p > 0.05) among activity envelopes or between data sets of consecutive gait cycles. N/A indicates that the statistical analysis was not carried out due to 
an inconsistent pattern within a data set of consecutive gait cycles. LHSG is the left strike group (including first, third, and fifth activity envelopes). RHSG is the right heel 
strike (including second, fourth, and sixth activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle. 
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3. Timing of muscle activation – Consistent pattern of muscle activity 
between the first and last recording minutes 
 %Onset %Peak %Offset 
Electrode sites LHSG RHSG LHSG RHSG LHSG RHSG 
T12   N/A *F > L  N/A 
L4 *F < L  *F > L N/A N/A N/A Right 
L5     N/A *F > L 
T12   N/A    
L4  *F < L N/A N/A *F > L N/A Left 
L5  *F < L *F > L N/A N/A N/A 
 
* indicates significant difference (p < 0.05) between two different time periods using the parametric test or the 
non parametric test. Blank cell indicates no significant difference (p > 0.05) between two different time periods. 
N/A indicates that the statistical analysis was not carried out due to an inconsistent pattern within a data set of 
consecutive gait cycles or between data sets of consecutive gait cycles. "F > L" refers that the first minute was 
later than the last minute. "F < L" refers that the first minute was earlier than the last minute. LHSG is the left 
heel strike group (including first, third, and fifth activity envelopes). RHSG is the right heel strike group 
(including second, fourth, and sixth activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
 
4. Timing of muscle activation – Comparison analysis between sides on the same 
level 
%Onset %Peak %Offset Level LHSG RHSG LHSG RHSG LHSG RHSG 
T12   N/A   *R > L 
L4 *R > L *R < L *R > L N/A N/A N/A 
L5 *R > L *R < L *R > L N/A N/A N/A 
 
* indicates significant difference (p < 0.05) between sides using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) between sides. N/A indicates that the statistical analysis 
was not carried out due to an inconsistent pattern within a data set of consecutive gait cycles or between data sets 
of consecutive gait cycles. "R > L" refers that the right side was later than the left side. "R < L" refers that the 
right side was earlier than the left side. LHSG is the left heel strike group (including first, third, and fifth activity 
envelopes). RHSG is the right heel strike group (including second, fourth, and sixth activity envelopes). T12 : 
thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial 
multifidus muscle. 
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5. Timing of muscle activation – Comparison among three levels on the same side 
%Onset 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG 
 *T12 < L5 LHSG   T12 
RHSG *T12 > L4  T12 RHSG   
LHSG ×××× *L4 < L5 LHSG ××××  L4 
RHSG ×××× *L4 < L5 
L4 
RHSG ××××  
  
 
     
%Peak 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG *T12 < L4 *T12 < L5 LHSG *T12 < L4 *T12 < L5 T12 
RHSG N/A  
T12 
RHSG N/A  
LHSG ×××× 
 
LHSG ××××  L4 RHSG ×××× N/A 
L4 RHSG ×××× N/A 
  
 
     
%Offset 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG N/A  LHSG *T12 < L4 N/A T12 RHSG *T12 < L4 *T12 < L5 
T12 RHSG N/A N/A 
LHSG ×××× N/A LHSG ×××× N/A L4 
RHSG ×××× *L4 < L5 L4 RHSG ×××× N/A 
 
* indicates significant difference (p < 0.05) among levels using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) among levels. "××××" indicates that the statistical 
analysis can not be carried out due to compare between the same levels. N/A indicates that the statistical analysis 
was not carried out due to an inconsistent pattern within a data set of consecutive gait cycles or between data sets 
of consecutive gait cycles. "T12 > L4" indicates that T12 was later than L4. "T12 < L4" indicates that T12 was 
earlier than L4. "T12 < L5" indicates that T12 was earlier than L5. "L4 < L5" refers that L4 was earlier than L5. 
LHSG is the left heel strike group (including first, third, and fifth activity envelopes). RHSG is the right heel 
strike group (including second, fourth, and sixth activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : 
lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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1. Normalised area of the activity envelope, length of the activity time, and 
amplitude of the narrow window within a gait cycle – Results of F-test within the 
first recording minute (1 ~ 2 minute) 
Electrode site 
Normalised area of  
the activity envelope 
within a gait cycle 
Normalised length of 
the activity time 
 within a gait cycle 
Normalised amplitude of 
the narrow window 
 within a gait cycle 
T12 5.10** 1.46 9.55** 
L4 4.57** 2.47* 5.78** Right 
L5 3.29** 1.21 5.36** 
T12 10.72** 1.99 6.01** 
L4 5.73** 2.24* 4.10** Left 
L5 4.90** 1.74 3.11** 
 
All values reported are F ratio. ** p < 0.01, * p < 0.05. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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2. Normalised  area of  the activity envelope, length of the activity time, and  amplitude 
of the narrow window within a gait cycle – Consistent pattern between the first and 
last recording minutes 
Normalised area of  the activity envelope  within a gait cycle 
First recording minute (1 ~ 2 minute) Last recording minute (9 ~ 10 minute) 
Electrode site First  
data set 
Second 
data set 
Between 
data sets 95% CI 
Third  
data set 
Fourth 
data set 
Between 
data sets 95% CI 
T12   
 1st > 2nd    1st > 2nd 
L4   
 1st < 2nd    1st < 2nd Right 
L5   
 1st < 2nd    1st < 2nd 
T12   
 1st < 2nd    1st < 2nd 
L4   
 1st > 2nd    1st > 2nd Left 
L5  * N/A N/A    1st > 2nd 
 
Normalised length of the activity time within a gait cycle 
First recording minute (1 ~ 2 minute) Last recording minute (9 ~ 10 minute) 
Electrode site First  
data set 
Second 
data set 
Between 
data sets 95% CI 
Third  
data set 
Fourth 
data set 
Between 
data sets 95% CI 
T12   
 1st > 2nd    1st > 2nd 
L4   
 1st < 2nd    1st < 2nd Right 
L5 *  N/A N/A    1st < 2nd 
T12   
 1st > 2nd    1st > 2nd 
L4   
 1st > 2nd    1st > 2nd Left 
L5 *  N/A N/A    1st > 2nd 
 
Normalised amplitude of the narrow window within a gait cycle 
First recording minute (1 ~ 2 minute) Last recording minute (9 ~ 10 minute) 
Electrode site First  
data set 
Second 
data set 
Between 
data sets 95% CI 
Third  
data set 
Fourth 
data set 
Between 
data sets 95% CI 
T12   
 1st > 2nd    1st > 2nd 
L4   
 1st < 2nd    1st < 2nd Right 
L5   
 1st < 2nd    1st < 2nd 
T12   
 1st < 2nd    1st < 2nd 
L4   
 
1  
  
 
1st > 2nd Left 
L5  * N/A N/A    1 
 
* indicates significant difference (p < 0.05) among activity envelopes or between sets using the parametric test or 
the non parametric test. Blank cell indicates no significant difference (p > 0.05) among activity envelopes or 
between data sets.  N/A indicates that the statistical analysis was not carried out due to an inconsistent pattern 
within a data set of consecutive gait cycles or between sets of consecutive gait cycles. " 1 " refers that there was 
no difference between the first activity envelope and the second activity envelope within a gait cycle. "1st > 2nd" 
refers that the first activity envelope was significantly greater than the second activity envelope. "1st < 2nd" 
refers that the first activity envelope was significantly less than the second activity envelope. T12 : thoracic 12th 
longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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3. Normalised area of the activity envelope, length of the activity time, and amplitude 
of the narrow window within a gait cycle – Consistent pattern between the first and 
last recording minutes 
Electrode 
site 
Normalised area of 
the activity envelope 
within a gait cycle 
Normalised length of  
the activity time  
within a gait cycle 
Normalised amplitude of  
the narrow window 
within a gait cycle 
T12    
L4    Right 
L5  N/A  
T12    
L4   
 
Left 
L5 N/A N/A N/A 
 
Blank cell indicates no significant difference (p > 0.05) between two different time periods using the parametric 
test. N/A indicates that the statistical analysis was not carried out due to an inconsistent pattern within a data set. 
T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial 
multifidus muscle. 
 
4. Normalised area of the activity envelope, length of activity time, and amplitude of 
the narrow window within a gait cycle – Comparison analysis between sides on the 
same level  
Level 
Normalised area of  
the activity envelope 
 within a gait cycle 
Normalised length of  
the activity time  
within a gait cycle 
Normalised amplitude of 
the narrow window 
within a gait cycle 
T12 *R > L  *R > L 
L4 *R < L *R < L *R < L 
L5 N/A N/A N/A 
 
* indicates significant difference (p < 0.05) between sides using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) between sides. N/A indicates that the statistical analysis 
was not carried out due to an inconsistent pattern within a data set of consecutive gait cycles.  "R > L" refers that 
right side was greater than left side. "R < L" refers that right side was less than left side. T12 : thoracic 12th 
longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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5. Normalised area of the activity envelope, length of the activity time, and 
amplitude of the narrow window within a gait cycle – Comparison analysis 
among three levels 
Normalised area of the activity envelope within a gait cycle 
Right side Left side 
Level L4 L5 Level L4 L5 
T12 *T12 > L4 *T12 > L5 T12 *T12 < L4 N/A 
L4 ×××× *L4 > L5 L4 ×××× N/A 
 
Normalised length of the activity time within a gait cycle 
Right side Left side 
Level L4 L5 Level L4 L5 
T12 *T12 > L4 N/A T12  N/A 
L4 ×××× N/A L4 ×××× N/A 
 
Normalised amplitude of the narrow window within a gait cycle 
Right side Left side 
Level L4 L5 Level L4 L5 
T12 *T12 > L4 *T12 > L5 T12 *T12 < L4 N/A 
L4 ×××× *L4 > L5 L4 ×××× N/A 
 
* indicates significant difference (p < 0.05) between levels using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) among activity envelopes or between levels. "××××" 
indicates that the statistical analysis can not be carried out due to compare between the same levels. N/A 
indicates that the statistical analysis was not carried out due to an inconsistent pattern within a data set of 
consecutive gait cycles. "T12 > L4" indicates that T12 was greater than L4. "T12 < L4" indicates that T12 was 
less than L4. "T12 > L5" indicates that T12 was greater than L5. "L4 > L5" indicates that L4 was greater than L5. 
T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial 
multifidus muscle. 
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1.  Timing within the activity envelope and shape of the activity envelope – 
Results of F-test with the first recording minute  (1 ~ 2 minute) 
OnPk PkOff Electrode site All LHSG RHSG All LHSG RHSG 
T12 2.38* 1.76 1.60 1.41 1.13 1.76 
L4 6.23** 4.61** 1.63 2.95** 1.8 5.19** Right 
L5 3.24** 3.39** 2.23* 1.23 1.13 0.98 
T12 6.42** 7.73** 2.69* 4** 3.63** 1.73 
L4 4.13** 4.10** 1.48 3.91** 3.56** 2.53* Left 
L5 2.47* 1.06 3.37** 1.08 0.5 2.76 
 
      
OnOff SOA (Shape of the activity envelope) Electrode site 
All LHSG RHSG All LHSG RHSG 
T12 3.18** 1.73 3.05* 1.3 1.04 0.61 
L4 6.56** 6.93** 5.50** 1.71 1.49 2.05 Right 
L5 5.18** 2.73* 6.77** 0.55 0.51 1.74 
T12 2.07* 2.12* 0.93 1.81 2.01 1.46 
L4 7.71** 5.50** 10.23** 1.78 2.34* 2.27* Left 
L5 5.59** 3.68** 3.19** 1.1 1.81 0.96 
 
All values reported are F-ratio. ** p < 0.01, * p < 0.05. "All" indicates 12 activity envelopes for OnPk and 10 
activity envelopes for PkOff, and OnOff that were used in the F-test. LHSG refers left heel strike group 
(including first, third, and fifth activity envelopes). RHSG refers right heel strike group (including second, fourth, 
and sixth activity envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus 
muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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* indicates significant difference (p < 0.05) among activity envelopes or between data sets using the parametric 
test or the non parametric test. Blank cell indicates no significant difference (p > 0.05) among activity envelopes 
or between data sets. N/A indicates that the statistical analysis was not carried out due to an inconsistent pattern 
within a data set of consecutive gait cycles. "-----" indicates that the statistical analysis was not carried out, 
because there was no difference among activity envelopes within a data set. "All" indicates that the statistical 
analysis was conducted on all activity envelopes. LHSG is the left heel strike group (including first, third, and 
fifth activity envelopes). RHSG is the right heel strike group (including second, fourth, and sixth activity 
envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle. 
 
 
 
 
 
2. Timing within the activity envelope – Consistent pattern within the first recording 
minute (1 ~ 2 minute) 
OnPk 
First data set Second data set Between data sets Electrode 
site All LHSG RHSG All LHSG RHSG All LHSG RHSG 
T12 
 
----- ----- 
 
----- ----- 
 
----- ----- 
L4  ----- -----  ----- -----  ----- ----- Right 
L5 *    ----- ----- N/A   
T12  ----- -----  ----- -----  ----- ----- 
L4 
 
----- ----- 
 
----- ----- 
 
----- ----- Left 
L5  ----- ----- *   N/A   
 
PkOff 
First data set Second data set Between data sets Electrode 
site All LHSG RHSG All LHSG RHSG All LHSG RHSG 
T12 
 
----- ----- 
 
----- ----- 
 
----- ----- 
L4  ----- -----  ----- -----  ----- ----- Right 
L5 
 
----- ----- *   N/A   
T12  ----- -----  ----- -----  ----- ----- 
L4 
 
----- ----- 
 
----- ----- 
 
----- ----- Left 
L5  ----- -----  ----- -----  ----- ----- 
 
OnOff 
First data set Second data set Between data sets Electrode 
site All LHSG RHSG All LHSG RHSG All LHSG RHSG 
T12 
 
----- ----- 
 
----- ----- 
 
----- ----- 
L4  ----- -----  ----- -----  ----- ----- Right 
L5 *    ----- ----- N/A   
T12  ----- -----  ----- -----  ----- ----- 
L4 
 
----- ----- 
 
----- ----- 
 
----- ----- Left 
L5  ----- -----  ----- -----  ----- ----- 
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* indicates significant difference (p < 0.05) among activity envelopes or between data sets using the parametric 
test or the non parametric test. Blank cell indicates no significant difference (p > 0.05) among activity envelopes 
or between data sets. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : 
lumbar 5th  superficial multifidus muscle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Timing within the activity envelope – Consistent pattern within 
the last recording minute  (9 ~ 10 minute) 
OnPk PkOff 
Electrode site Third 
data set 
Fourth 
data set 
Between 
data sets 
Third 
data set 
Fourth 
data set 
Between 
data sets 
T12  
  
 
 
 
L4 
     
 
Right 
L5 
     
 
T12 
     
 
L4 
     
 
Left 
L5 
     
 
       
OnOff    
Electrode site Third 
data set 
Fourth 
data set 
Between 
data sets    
T12  
 
    
L4 
  
    
Right 
L5 
  
    
T12 
  
    
L4 
  
*    Left 
L5 
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* indicates significant difference (p < 0.05) among activity envelopes or between data sets using the parametric test or the non parametric test. Blank cell indicates no 
significant difference (p > 0.05) among activity envelopes or between data sets. N/A indicates that the statistical analysis was not carried out due to an inconsistent 
pattern within a data set of consecutive gait cycles. "-----" indicates that the statistical analysis was not carried out, because there was no difference among activity 
envelopes within a data set. "All" indicates that the statistical analysis was conducted on all activity envelopes. LHSG is the left heel strike group (including first, third, 
and fifth activity envelopes). RHSG is the right heel strike group (including second, fourth, and sixth activity envelopes). " 1 " indicates that there was no difference 
between OnPk and PkOff within an activity envelope. " > 1" indicates that the OnPk was significantly greater than PkOff within an activity envelope. T12 : thoracic 
12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
4. Shape of the activity envelope – Consistent pattern within the first (1 ~ 2 minute) and last (9 ~ 10 minute) recording minutes 
Within the first minute 
First minute First data set Second data set All LHSG RHSG 
Electrode site All LHSG RHSG All LHSG RHSG Between data sets 95% CI 
Between 
data sets 95% CI 
Between 
data sets 95% CI 
T12 
 
----- ----- 
 
----- ----- 
 
1 ----- ----- ----- ----- 
L4 *    ----- ----- N/A N/A  > 1  1 Right 
L5 *    ----- ----- N/A N/A  1  1 
T12 
 ----- -----  ----- -----  > 1 ----- ----- ----- ----- 
L4 
 
----- ----- 
 
----- -----  1 ----- ----- ----- ----- Left 
L5 
 ----- ----- *    1 ----- ----- ----- ----- 
 
Within the last minute 
Last minute Third data set Fourth data set All LHSG RHSG 
Electrode site All LHSG RHSG All LHSG RHSG Between data sets 95% CI 
Between 
data sets 95% CI 
Between 
data sets 95% CI 
T12  ----- -----  ----- -----  1 ----- ----- ----- ----- 
L4 
 ----- -----  ----- -----  1 ----- ----- ----- ----- Right 
L5  ----- -----  ----- -----  1 ----- ----- ----- ----- 
T12 
 ----- -----  ----- -----  1 ----- ----- ----- ----- 
L4 
 
----- ----- *   N/A N/A  1 * N/A Left 
L5 
 ----- -----  ----- -----  1 ----- ----- ----- ----- 
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* indicated significant difference (p < 0.05) between two different minutes periods using the parametric test or 
the non parametric test. Blank cell indicates no significant difference (p > 0.05) between two different minute 
periods. "-----" indicates that the statistical analysis was not carried out, because there was no difference among 
activity envelopes within a data set. N/A indicates that the statistical analysis was not carried out due to an 
inconsistent pattern within a data set of consecutive gait cycles or between data sets of consecutive gait cycles. 
"All" indicates that the statistical analysis was conducted on all activity envelopes. LHSG is the left strike group 
(including first, third, and fifth activity envelopes). RHSG is the right heel strike respectively (including second, 
fourth, and sixth activity envelopes). "F < L" refers that the first minute was less than the last minute. T12 : 
thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial 
multifidus muscle. 
 
 
 
 
 
 
 
 
 
5.  Timing within the activity envelope and shape of the activity envelope – Consistent 
pattern between the first and last recording minutes  
OnPk PkOff OnOff Electrode 
site All LHSG RHSG All LHSG RHSG All LHSG RHSG 
T12 
 
----- ----- *F < L ----- -----  ----- ----- 
L4 
 
----- ----- 
 
----- ----- 
 
----- ----- Right 
L5 N/A   N/A  *F < L N/A   
T12 
 
----- ----- 
 
----- ----- 
 
----- ----- 
L4 
 
----- ----- 
 
----- ----- N/A ----- ----- Left 
L5 N/A       ----- ----- 
 
SOA 
(Shape of the activity envelope) Electrode 
site All LHSG RHSG 
T12 
 
----- ----- 
L4 N/A *F < L  Right 
L5 
 
----- ----- 
T12 
 
----- ----- 
L4 N/A  N/A Left 
L5 N/A   
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6.  Timing within the activity envelope and the shape of the activity envelope 
– Comparison analysis between sides on the same level 
 OnPk PkOff 
Level All LHSG RHSG All LHSG RHSG 
T12  ----- -----  ----- ----- 
L4 *R > L ----- ----- *R < L ----- ----- 
L5 N/A ----- ----- N/A ----- ----- 
 
 OnOff SOA (Shape of the activity envelope) 
Level All LHSG RHSG All LHSG RHSG 
T12  ----- -----  ----- ----- 
L4  ----- ----- N/A *R > L  
L5 N/A *R < L  N/A   
 
* indicates significant difference (p < 0.05) between sides using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) between sides. "-----" indicates that the statistical 
analysis was not carried out, because there was no difference among activity envelopes within a data set. N/A 
refers that the statistical analysis was not carried out due to an inconsistent pattern within a data set of 
consecutive gait cycles or between data sets of consecutive gait cycles. "R > L" refers that right side was greater 
than left side. "R < L" refers that right side was less than left side. "All" indicates that the statistical analysis was 
conducted on all activity envelopes. LHSG is the left heel strike group (including first, third, and fifth activity 
envelopes). RHSG is the right heel strike respectively (including second, fourth, and sixth activity envelopes). 
T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  superficial 
multifidus muscle. 
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7. Timing within the activity envelope and the shape of the activity envelope – 
Comparison analysis among three levels on the same level  
OnPk 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG  
 
LHSG   T12 
RHSG *T12 < L4 *T12 < L5 T12 RHSG   
LHSG ××××  LHSG ××××  L4 
RHSG ××××  L4 RHSG ××××  
 
PkOff 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG  
 
LHSG *T12 < L4 *T12 < L5 T12 
RHSG  *T12 > L5 T12 RHSG   
LHSG ××××  LHSG ×××× N/A L4 
RHSG ××××  L4 RHSG ××××  
 
OnOff 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG  *T12 < L5 LHSG *T12 < L4 *T12 < L5 T12 
RHSG *T12 < L4  T12 RHSG *T12 < L4  
LHSG ×××× *L4 > L5 LHSG ××××  L4 
RHSG ××××  L4 RHSG ××××  
 
SOA (Shape of the activity envelope) 
Right side Left side 
Level L4 L5 Level L4 L5 
LHSG  
 
LHSG   T12 
RHSG   T12 RHSG   
LHSG ××××  LHSG ××××  L4 
RHSG ××××  L4 RHSG ××××  
 
* indicates significant difference (p < 0.05) between levels using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) between levels. "××××" indicates that the statistical 
analysis can not be carried out due to compare between the same levels. N/A refers that the statistical analysis 
was not carried out due to an inconsistent pattern within a data set of consecutive gait cycles or between data sets 
of consecutive gait cycles. "T12 < L4" refers that T12 was less than L4. "T12 < L5" refers that T12 was less than 
L5. "L4 > L5" refers that L4 was greater than L5. LHSG is the left heel strike group (including first, third, and 
fifth activity envelopes). RHSG is the right heel strike respectively (including second, fourth, and sixth activity 
envelopes). T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle. 
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Appendix C – 8 
Statistical results for interval timing within a gait cycle 
used for Chapter 5 
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1. Interval timing within a gait cycle – Results of the F-test within the first 
recording minute  (1 ~ 2 minute) 
Electrode site OnOn PkPk OffOff 
T12 5.81** 4.56** 0.72 
L4 3.13** 2.46* 1.38 Right 
L5 1.73 1.76 1.36 
T12 4.04** 7.16** 4.57** 
L4 1.95 5.15** 1.94 Left 
L5 0.37 1.73 1.78 
 
All values reported are F-ratio. ** p < 0.01, * p < 0.05. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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* indicates to significant difference (p < 0.05) among gait cycles or between data sets using the parametric test or 
the non parametric test. Blank cell indicates no significant difference among gait cycles envelopes or between 
data sets. N/A refers that the statistical analysis was not carried out due to an inconsistent pattern within a data 
set of consecutive gait cycles. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus 
muscle. L5 : lumbar 5th  superficial multifidus muscle. 
2.  Interval timing within a gait cycle – Consistent pattern within the first (1 ~ 2 
minute) and last (9 ~ 10 minute) recording minutes   
First recording minute (1 ~ 2 minute) Last recording minute (9 ~ 10 minute) 
OnOn First 
data set 
Second 
data set 
Between 
data sets 
Third 
dataset 
Fourth 
data set 
Between 
data sets 
T12       
L4   *    Right 
L5 *  N/A    
T12       
L4      * Left 
L5       
 
First recording minute (1 ~ 2 minute) Last recording minute (9 ~ 10 minute) 
PkPk First 
data set 
Second 
data set 
Between 
data sets 
Third 
dataset 
Fourth 
data set 
Between 
data sets 
T12      * 
L4  * N/A    Right 
L5       
T12     * N/A 
L4       Left 
L5   *   * 
 
First recording minute (1 ~ 2 minute) Last recording minute (9 ~ 10 minute) 
OffOff First 
data set 
Second 
data set 
Between 
data sets 
Third 
dataset 
Fourth 
data set 
Between 
data sets 
T12    
 
  
L4    
 
  
Right 
L5    
 
  
T12    
 
  
L4    
 
  Left 
L5 *  N/A 
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3. Interval timing within a gait cycle – Consistent pattern between 
the first and last recording minutes 
Electrode site OnOn PkPk OffOff 
T12  N/A  
L4  N/A  Right 
L5 N/A   
T12  N/A  
L4 N/A   Left 
L5  N/A N/A 
 
Blank cell indicates no significant difference (p > 0.05) between two different time periods. N/A refers that the 
statistical analysis was not carried out due to an inconsistent pattern within a data set of consecutive gait cycles 
or between data sets of consecutive gait cycles. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
 
4. Interval timing within a gait cycle – Comparison analysis between sides on 
the same level within the first recording minute  (1 ~ 2 minute) 
Level OnOn PkPk OffOff 
T12 *R < L N/A  
L4 N/A N/A N/A 
L5 N/A *R < L  
 
* indicates significant difference (p < 0.05) between sides using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) between sides using the parametric test. N/A refers that 
the statistical analysis was not carried out due to an inconsistent pattern within a data set or between data sets. "R 
< L" refers that right side was less than left side. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  
superficial multifidus muscle. L5 : lumbar 5th  superficial multifidus muscle. 
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5. Interval timing within a gait cycle – Comparison analysis among three levels on 
the same level within the first recording minute (1 ~ 2 minute) 
OnOn 
Right side Left side 
Level L4 L5 Level L4 L5 
T12 *T12 < L4 N/A T12  N/A 
L4 ×××× N/A L4 ×××× N/A 
  
 
     
PkPk 
Right side Left side 
Level L4 L5 Level L4 L5 
T12 N/A  T12 N/A N/A 
L4 ×××× N/A L4 ×××× *L4 > L5 
  
 
     
OffOff 
Right side Left side 
Level L4 L5 Level L4 L5 
T12 
 
*T12 > L5 T12 N/A  
L4 ××××  L4 ×××× N/A 
 
* indicates significant difference (p < 0.05) between levels using the parametric test or the non parametric test. 
Blank cell indicates no significant difference (p > 0.05) between levels. "××××" indicates that the statistical 
analysis can not be carried out due to compare between the same levels.  N/A refers that the statistical analysis 
was not carried out due to an inconsistent pattern within a data set or between data sets. "T12 < L4" refers that 
T12 was less than L4. "T12 > L5" refers that T12 was greater than L5. "L4 > L5" refers that L4 was greater than 
L5. T12 : thoracic 12th longissimus muscle. L4 : lumbar 4th  superficial multifidus muscle. L5 : lumbar 5th  
superficial multifidus muscle. 
 
 
 
 
 
 
 
